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Abstract

The majority of research surrounding the fatigue of Mg alloys generally exhibits a rigid
dichotomy between theoretical and applied contributions. This research work addresses both of these
domains of the field from a more holistic sense, yet still remagigyhdetail oriented. Automotive
suspension components generally have complex geometries and undergo highly multiaxial loading. This
is partly due to the packaging constraints imposed by the many dynamic systems within a vehicle, and the
impetuous towardightweighting to improve efficiency and reduce greenhouse gas emissions. As such,
the current optimal solution for such a component typically a complex shape made from a material with
high specific strength. Both forging and casting lend themselvesilitatang large scalg@roduction of
such components usitigdustrially compatible processes. Forging however prodaigeeduct with

attributes which are more optimally suited for advanced vehicle lightweighting applications.

Of the commercially availablilg alloys, he AZ80 alloy is a Mg alloy with good forgeability, a
high aluminium content, and superior strengtbwever the fatigue properties of this alloy are largely
unknown, especially in complex multiaxial loading paths such as which automotiensiosp
components undergo. This thesis acts to fill this gap in knowledge, by providing the foundation for the
understanding of the complex cyclic behavior of forged AZ80 Mg, as well as predicting its fatigue life to
ensure the satisfaction and safetytwf €nd consumer. Various small scale forging methods were
investigated and characterized in such a way that it one can connect them to the larger scale component in
the engineering application. Two varieties of base material were selected to be forgieesmtEmall
scale forgings, cast and extruded. Furthermore, an understanding was developed on the influence of
material texture on the cyclic deformation mechanism and resulting fatiguehdemplications of
multiaxial loading on the fatigue behaviouas also characterized as well as the effect of non
proportional loading. A variety of different models were utilized to reliably predict the fatigue life of
forged AZ80 Mg in both simple uniaxial and complex favoportional biaxial loading paths. The
culmination of all of these research objectives enabled effective utilization of forged AZ80 Mg as a

lightweight material for a variety of different fatigue critical engineering applications.

It was concluded thahé thermomechanical history impartedhe tnaterial via forging resulted
in a texture intensification and a rotation of the crystallographic cells to align with the loading direction
during forging Secondly, dllowing forging, both the cagbrged and extrudetbrged material exhibited
an signficant increase in fatigue life. It was also discovered that the style of aliiséarging being
investigated had spatially varying properties with texture orientations which varied based on the local

forging directions and intensities which were depahda the starting texture as well as the



thermomechanical historizurthermore, following characterization of the materials behaviour over a
variety of different loading pathd)e biaxial fatigue response is somewhat dominated by the axial
componenandthe nonproportional effect to be detrimental to the fatigue life. Finally, it was concluded
that the optimal forging conditiciends towards theoldest temperature and fastest strain rate which are
pragmatically possibléwithin the context of warm forgi) thatproduce a forging free of defects and of
high quality. This optimal condition corresponded to extruded AZ80 Mg forged at a temperaturéCof 250
and 20 mm/sec.
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1. Introduction

1.1. Background
Responsible energy consumption has been at the forefront of theattedtaon and public engagement

for the past few decadeBhe publicas a whole is more aware of their carlfootprint and environmental

impact with both the products we buy, and the way we use them. Each and every day we make conscious
choices to minimize our energy consumption in an effort to live more sustainable lifestyles. Often as a by
product of consumingnergy, the emissions of undesirable pollutants into our atmosphere is somewhat
inevitable. Often the scaggmat in the greenhouse gas conversation is the auto industry, in particular, fossil
fuel burning automobiles. The demand for increasintpmotiveefficiency is on the rise, currently the
United StatePepartment of Transportation stipulates that every car sold to the public must be 30% more
fuel efficient than those sold five years ago. Fast forward to the year 2025 and corporate average fuel
econony requirements mandate that number jumps to 95% better than where we afE t@dthough

some might say it is an optimistic goal, automakers are currently developing advanced technologies o
many different fronts to solve the energy consumption dilemma. Many of these consist of increasing
efficiencies in the vehicles, engine, powertrain, and aerodynamics, but by far the most effective near term
solution for reducing fuel consumption is deagieg the vehicles mass. A lighter vehicle requires less

energy to move (be it accelerate, decelerate or turn).

A new emerging philosophy is that of a multi material lightweight vehicle or MMEgYUrel), where
not only is a conventional material substituted for a lightweight one, but the lightweight material is used in
a location where its performance is optimal. For example, {hiftdp structure m a vehicle is very active
in a side impact event where low intrusion into the occupant compartment is important. For this, steel is the
optimal material as it provides the high strength and stiffness required to meet these unique requirements
in this partof the vehicle. However, in a frontal or rearward crash, where the vehicles crumple zones are
engaged, aluminum performs well as it has good ductility and energy absorption abilities. Intelligently
utilizing high strength conventional materials such aelsand aluminum can yield significant weight
savings on its own, however incorporation of other advanced materials into vehicle light weighting shows
promising untapped potential. For components which are driven by cyclic loading or fatigue, such as a
suspension control arm, there is a unique opportunity to utilize magnesium as it offers superior performance
to all other structural metals in this service environnightMagnesium offers similar strength and fatigue
properties to aluminum, but &wo thirdsof the masg2]. The weight savings compared to steel is even
more dramatic at over 77%. Exploiting the benefits of this material to its full potential would have a
profoundimpact, for a typical passenger car, a 70kg weight savings is attainable. This equates to a 4%

reduction in overall vehicle mass and a 2% reduction in fuel consumption.
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However, theinferior cast properties, and poor formability of magnesium (Mg) alloys at room
temperature resulting from strong crystallographic texture, and consequential anisotropic mechanical
properties commonly formed during processing, limits the application cdiMgs for manufacturing of
complex geometry parts suchasontrol arm. Forging is a near r&tape manufacturg technique that
has beenvidely accepted in the past to offer a great benefit as a material processing technique to produce
a heavily refinedvrought microstructure, lower internal defect density and recrystallized grain structure
resulting in superior strength, improved ductility and longer fatigu¢d]tel he focus of this research is to
examine the effect of hot and warmrdging, on tle mechanical properties of the Mg parts and their
feasibility to be manufactured in this way intomplex, load bearing Mg parssich as an automotive
suspension control arrhe domain of this research within the framework of the integrategatational
materials engineering (ICME) method towards designing products lies within the scope of the structure
propertiesperformance relationghi The interaction betwedhese domains as it applied to forged Mg is
of particular relevance and can bansidered to be the general focus of this research work. Successful
development and implementation of this lightweight material technology will not only play a significant
role in solving the global energy problem, but it will enable society as a whiate taore sustainable and

responsible lifestyles.

1.2. Objectives
The research detailed in this thesis was conducted as part of Natural Sciences and Engineering

Research Council of Canada (NSERC) through the Automotive Partnership Canada (APC) under APCPJ
4592@i 13 grant with contributions from Multimatic Technical Centre, Ford Motor Company, and
Centerline Windsor are acknowledged. The authors would also like to acknowledge J. McKinley from
CanmetMATERIALS, Hamilton for forging trials. The APC project expanu$he results of prior

research in the field of fatigue of Mg alloysth the overall goal of developing discovdeyel base



knowledge of the thermomechanical behaviour, durability performance and life enhancement, corrosion
protection strategies and panfnance, metallic smart structures, and computer aided engineering design
of forged magnesium alloys. Through this research, enabling technology necessary for the optimum
design of magnesium fatigtegitical components, and robust strategies for die fgrgimd part design

will be developed. The project itself is composed of seven major tasks (i) Optimization of the magnesium
forging process, including development of the microstructure and the manufacturing process of the
magnesium forged parts (ii) Lightwgiting design optimization (iii) Residual stress and life enhancement
through cold spray coating and shot peening and optimization of the processes through parameter testing
(iv) Opticatbased in situ measurement of residual stress using novel embeB@ds@hsors (v) Fatigue

and fracture characterization, constitutive modeling, quantification of plasticity induced anisotropy, and
full-scale testing (vi) Corrosion performance characterization, modeling, and validation (vii) Corrosion

performance charaaieation, modeling, and validation

The objective of the research detailedhis thesis was to address tasks (i) and (v), i.e. the
development and optimization of the magnesium forging process and the fatigue and fracture
characterization. Although addressing these tasks were the primary focus of this work presented here,
these efbrts were not done in isolation, each task is very much connected and effective knowledge
transfer and frequent collaboration was necessary to fulfill the task objectives and meet the overall project

goals.
To this end, the objectives of this research are

1. To characterize the effect of forging on the mechanical properties of both cast and extruded AZ80
Mg.

2. To develop an understanding of the influence of texture on the cyclic deformation mechanism and
fatigue life.

3. To characterize the cyclic response &tjue behaviour of forged AZ80 Mg in a variety of
different loading paths.
To predict the fatigue life of forged AZ80 Mg in a variety of different loading paths.
To enable the effective utilization of forged AZ80 Mg as a lightweight material in stalictu

applications which are fatigue critical fovariety of engineering applications.

1.3. Thesis Structure
The remaining contents this thesis are organized as a manuscript based thesis. Chapter 2 provides a

review of the key topics and literature whichiegevant to thewrent research. Chapter 3 outlines a

detailed overview of the research methodology for this work. It describes in detail the background and



context of the material processing and forging, as well as the experimental and maodetindologies
which were utilized in the subsequent chapters of this work. Chaptie&atemanuscripts which have
been published in the International Journal of Fatigue which report on key research fifikdéngs
candidate is the primary author of alhnuscripts, and was responsible for directly collecting data-or co
ordinating the collection of data, and for conducting the synthesis and analysis of the results. A full
description of the contributions from all-emthors was provided in the Statemen€ohtributions.The

only modifications made to each article were in the form of harmonizing references, table and figure
numbers to integrate into this larger thesis docuntetnoductory paragraphs have been included prior to
eachmanuscriptsn order toprovide overall context for the publication, and better connect its key
contributions References fothe necessary copyright permissions are provide@ch individual
acknowledgements section of the artiéds noted in the preceding section, the redeaontained within
this thesis makes original and important contributions to both fundandisttalrery leveknowledge and
engineering applications materials characterization and fatigue of lightweight materials. A schematic

diagram showing the strtuze of the thesis and the relevant contributions is showigire?2.

| Fatigue of Forged AZ80 Magnesium Alloy |

Discovery Level Knowledge Engineering Application I

Monotonic and cyclic Low-cycle fatigue Multiaxial Cyclic Discussion:
behaviour of cast and characterization and Behaviour of Extruded Advanced Vehicle
cast-forged AZ80 Mg texture induced and Forged AZ80 Mg Lightweighting using
ratcheting behaviour of Alloy Forged Mg Alloys
forged AZ80 Mg alloys
(Chapter 4) (Chapter 5) (Chapter 6) (Chapter 7)
Key Contributions
1. Developed link 1. Critical analysis of 1. Developed link between 1. Comprehensive
between texture and texture induced macroscopic crack path, feasibility study of
forging direction. ratcheting behaviour. loading path and damage forging of Mg alloys
2. Forging resultsina 2. Material behaviour is mechanism 2. Optimization of process
material with superior a function of loading 2. Axial loading dominates parameters for structural
strength and ductility. history. the bi-axial response. components.

Discussion and Summary

(Chapter 7 and 8)

Figure 2 - Key findings and contributions of the cowtkd research to fundamental knowledge and engineering applications.

Chapter 4discusses a detailed characterization and experimental work surrounding the monotonic and
cyclic behaviour of cast and cdetged AZ80 Mg. This article really had no precedertheliterature as
little to no research had been done on cyclic characterizationggfd AZ80 Mg. The key contributions

of this article were the development of a link between texture and forging direction. Furthermore, the

4



promising conclusion was madhat forging of AZ80 Mg leads to a material with superior strength and
ductility to that of the parent material (properties which are generally considered to be mutually
exclusive), this was very encouraginghat it confirmedhe attractiveness andit&bility of forged Mg

for structural components. Chaptebdilds upon the previous chapter, in such a way as to investigate the
nuances of forged AZ80 Mgbds materi al behaylé our
fatigue (LCF) charaerization and texture induced ratcheting behaviour of forged AZ80 Mg alloys. The
key contributions of this article are a critical analysis of the catfset relationship of texture induced
ratcheting behaviour, and secondly, the conclusion that theiahdighaviour is a function of the loading
history. Chapte6 once again builds upon the contributions of the previous chapters, now extirding
discussion tdhe final discovery level knowledge work as it explores the multiaxial cyclic behaviour of
extruded and forged AZ80 Mg alloyhe key contributions here are the development of a link between
the macroscopic crack path, loading path and damage mechanigravaithey all interface to predict the
material behaviour. Secondly, the important and novel conclusion was drawn that the axial loading
dominates the kaxial response of forged AZ80 Mg alloy. In parallel to the experimental, analysis and
numerical workhat was done in these three discovery level knowledge chapters as well as dissemination
of this research, application of this research to solve engineering problems was also done in connection
with task (i) of the larger research project. A more comprakerhigh level overview of Advanced

Vehicle Lightweighting using Forged Maloys is detailed in chapter af this thesis. It contains lessons
learned from the engineering application of the discovery level research, angraltensivdeasibility
studyof forging of Mg alloys. Secondlyt detailsa very practical contribution ofiaptimization

function which incorporates the proties of the forged material for use in selection of the process
parameters for forged Mg structural components to beediliw/ industry. This chapter is loosely based
upon relevant content from a journal article which is still in its infancy as it is an ongoing work
throughout the duration of the larger project. For the purposes of this tiegitgrc/should be treated as

a discussiowf the application of the discovery level knowledge to solveweald engineering problems
such as thosehich are related to advanced vehicle lightweighting. Chapter 8 outlines the summary,
conclusions and future works and acts to integaditof the key research contributions into the research
field surrounding this work. Finally, this is followed by sections containing letter of copyright

permissions as well as a list of references presented in this work.



2. Literature Review
This section reviewsprior research relevatd AZ80 Mg alloy, its mechanical behaviour (static and

cyclic), the effect of thermomechanical processing, as well as glkstiic and fatigue models for

wrought material. The section begins with an introduction ost#teof-the-artresearch that has been

done on characterizing AZ80 Mg alloy, in particular its microstructure, physical and mechanical
propertiesResearch done datigue properties are then reviewed followed by a detailed review on the
effects of thermomchanical processing on AZ80 Mg alloy as well as an overview of the near net shape
forgings which have been previously done for automotive applications. Finally, the most commen elasto
plastic and fatigue models which have been developed for life estmudtierought AZ80 Mg alloy are

reviewed with special focus on those suitable for asymmetric and anisotropic material behaviour.

2.1.AZ80 Magnesium Alloy

Among the commercially available magnesium, the wrought form of the AZ family of alloys are
those which pssess a good compromise of strength and ductility which is suitable for automotive
structural applicationgzigure 3 illustrates the relationship bet@n tensile strength and failure elongation

for several commercially available wrought Mg alloys as well as a number of experimental alloys.
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Figure 3 - Typical tensile strength and elongation for most common commercial wrought Mg(&ll&gproduced via full text
provided by author]5]

Among theselbbys AZ80 is one of the Mg alloys with good forgeability (combination of flow stress,
die filling and degree of deformation), high aluminium content and superior strength. The majority of the
published literature on AZ80 mechanical properties is focusdtenstatic amh fatigue properties of
extrusiong5]i [16] casing [17]i [19][12] and plate [20]. Several researchers have investigated the
fatigue behaviour of asast and wrought (extruded, rolled plate/sheet) AZ80rMgresscontrolled[5],

[6], [9], [12]i[16], [21]i [24], straincontrolled[7], [16], [20], [25] and fatigue crack growth raf@], [13],
[26], [27] testing, some of which are subsequently discussed.



2.1.1. Microstructure

Zhouet al.[18] investigated the hot workability characteristics etast AZ80 Mg and found
that at temperatures lower than 30&nd strain rates of £G* flow localization bands limits the
materials ductility making it difficult to deform. Theysal studied the Dynamic Recrystallization (DRX)
behaviour and found that it occurred in a range of temperatures frdfi@ 42500C. Quanet al.[19]
investigated the hot deformation characteristics otlsastogenized AZ80 at 383G and found a
reduction in average grain size with increasing strain rate. The obserradagrain size of the cast
material was 24€m whereas once deformed (total height reduction of 60%) &C3#@ grain size was
refined to 120, 110, 94, 56 under stain rates of 0.0L1,1, 10 s respectively. Typically the effect of
hot deformation(open die upset) is nas pronounced as closed die forging as the strain history and flow
behaviour are entirely different. Consequently reported works by the above researchers generally only

show evidence of moderate levels of recrystallization and gefinement.

2.1.2. Physical and Mechanical Properties

Tablel summarizes the available literature which has presented monotonic properties for various
forms of AZ80 Mg alloy. The majority of literature focuses on the tensile behaviourestragled AZ8
with properties being investigated typically in the extrusion direction [ED]. Other forrtaigtsplate
and forged) materials are also available but much less numerous. In general, the forged studies that were
done can be classified in two categormgsenrdie and closed die. Several researcfE§ [24], [28]H32]
have investigated the mechanical properties of near net shape forged AZ80 Mg for various automotive
aplications such as connecting rdé8], wheelqg29][30][24], shak absorber head40], differential
caseg32] and suspension control arfi]. The processing conditions for the various forms of AZ80
presented ifTablel are not explicitly differentiated, however they quite obviously contribute to the
variability in mechanical properties exhibited in the published results. The results presdrable: in
andTable2 show the calculated average propéltased on various researchers published value) as well
as a standard deviation (where applicable), values shown in bold represent the most desirable form for
AZ80 Mg of those investigated. It can be observed that with the exception of ductility, faZ§&dVy

demonstrates superior monotonic strength in both tension and compression compared to other forms.



Tablel - Summary monotonic properties found in literature for various forms of AZ80 Mg

D Temp Grain size Ovs.T ‘ Cvs.c ‘ Quts.T ‘ Quts,c CharT | ChaiLc
[°C] [um] [MPa] [%]
As-Cast 80-140 104+4.2 127+4.2 3.9+2.7
[12] [12][33] [12][33] [12][33]
As- 220+13.7 332+21.4 15.3+3.6
Extruded [112:]”['17(;—’]:[”\;)72] 12]i16] | 825321 [1o)16) [32‘; [12][16][25][31]
[ED] [25][31] [25][31] [32]
Plate 50.0 187+£22.6 109+£35.4 341+15.6 350+31.1 11.7£2.7 19.3+x1.7
[RD] [20] [20][34] [20][34] [20][34] [20][34] [20][34] [20][34]
180 30910] o) 38910] wp) 8.110] o)
26910] (p) 34410] (p) 1.610] (p)
240 27410] o) 34910] (o) 7.910] (o)
221[10] (rp) 30410] (o) 5.210] (ro)
250 7.631] 24931] 19031] 36131] 1531]
Forged |30 12032] | 27432127428] | 182.932] | 38932]38928] | 40232] | 8.032]8.0128] | 11.G31]
340 23910] o) 32410] o) 13.410] (o)
12410] (rp) 22910] () 6.4[10] (to)
350 16.131] 20731] 17531] 34931] 41931] 16[31] 11.9J31]
375 320-33029] 10-12[29]
Unknown 25%33([2}1]10 34530] 2 '(i[g[g]f]'g

Table2 summarizes the available literature which has presented fatigue properties for various forms of

AZ80 Mg alloy, which is much less numerous than work which has been done on the monotonic

charaterization. In particular, the material parameters requiredfbfatigue modelling (which is the

generally accepted method for automotive applications) arexistent, especially for forged material. It

can be observed that the fatigue endurancagtieof forged AZ80 Mg is very similar to that of extruded

AZ80 in the ED Other than the work of this current research there is no literature which currently exists

regarding the multiaxial fatigue of AZ80 Mg alloys.

Table2 - Sunmary fatigue properties found in literature for various forms of AZ80 Mg

Characterization Modelling
D Temp StressLife a-N 5-N Energy
Jeno @ 10 G b
[°C] [MPa] [MPa]
As-Cast
As-Extruded [ED] [23]1[5’451]'?1122][613] 844.413] | -0.13§13] [16][25]
Plate [20]

Forged Unknown | 9822]1425] 378.35] | -0.0615] y




2.1.3. Fatigue Properties

Fatigue characterization of the-gseived material has been investigated in detail albeit only on
the asextruded form of AZ80 (no fatigue properties are available famaas AZ80 Mg). Noviet al.[12]
investigated both the static and very high cycle fatigue (VHCR)grties using ultrasonic pugtull
stress controlled testing. They observed wexdsuded AZ80 a yield and ultimate strength of 205 and 303
MPa respectively, a failure elongation of 20% and prominent intermetallic particles with sizes ranging
from 59 em. They made the observation that only surface induced cracks occurred in AZ80 under cyclic
loading with no observed endurance limit. They also discussed the fact that primary fatigue crack
initiation sites are governed by microscopic defects such as puresjons or intermetallics in the low
cycle fatigue (LCF) to high cycle fatigue (HCH).contrastthey revealed that in the VHCF, fatigue
crack initiation is mostly controlled by the properties of the matrix and the role of microscopic defects is
only minimal. Shiozawat al.[13] investigated the effecf artificial aging (T5) heat treatment on-as
extruded AZ80 Mg alloy and discovered that despite superior monotonic properties of the T5 treated
alloy, the fatigue resistance was inferior to that of thexaiuded condition, especially in the VHCF
regime.They also concluded that fatigue crack initiation is controlled by twinning irreversibility in LCF,
whereas cyclic slip controls the mechanism in the VHCF regime. More recent work by Shebzdwa
[16] showcases fully reversed LCF testing in both stress staaitrolled tensiortompression techniques
on extruded Mg alloys AZ31,AZ61, AZ80. &h found AZ80 to have superior fatigue properties of the
three investigated as shown belowrigure4. Furthermore, Shiozawa made the observationithander
stress control, compressive mean strains resulted in the stabilized response, whereas under strain control,
tensile mean stress develoj&@]. They attributed these responses to the ysianmetry between

tension and compression of the wrought material in the extrusion direction.

300 ——— 10 — —
F O AZ3]
O AZ61 |4
® AZR0

0y
Yo

O AZ3]
O A76l
® AFRD

MPa

250

Lh
T

200f
150
100F

Total strain range ] ¢ .

Stress amplitude o,

F Stress-controlled fatigue test (R, =-1) Strain-controlled fatigue test (R, =-1)
(| — Sl e band 0.5 Laasal Ll asad 1
10° 10° 10* 10° 10’ 10° 10 10* 10°

Number of eycles to failure N, cycles (b) Number of cycles to failure N ; cycles

)

Figure4 - SN curve obtained from (a) stressntrolled LCF test and (¥-N curve obtained from total strain contrioCF test
for various AZ31, AZ61 and AZ80 Mg AllqjReproduced with permission from Elsevidi§]

Fatigue data on forged AZ80 Mg is very sparsth@literature, the majority of which was done
on extermlly produced AZ80 prototype forgings with unknown processing parameters (temperature, rate,

pre/post treatmentstc). Furthermore, the data presented in these studies is very preliminary in nature,
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and rudimentarily characterizes the forged material\debain load control testing over a very narrow
window of stress amplitudes. Rivagsal.[22] characterized the endurance limit using rotating bending
testing of a closed die forged AZ80 Mg prototype wheel done by Timminco. They observed an endurance
limit of 98 MPa in fully reversed loading. Moldovahal. [5] conducted servo electric puphll testing

on extruded and forged AZ80 alloy once again produced by Timminco. They observed an endurance limit
of 142 MPa at 10cycles. They also found under SEM investigation, many intermetallic phases with high
manganese content (MgMnAl phases) which contributed to accelerated failure in many samples due to a
shorter crack initiations and propagation regimescesthese preliminary works on forged AZ80 fatigue
characterization do not present sufficient information to accurately predict the fatigue life, there is great

opportunity to benefit the academic community in this emerging area of research.

2.1.4. Forging and dter thermomechanical processing of AZ80 Mg Alloys

Among those currently utilizing Mg alloys for industrial applications, the family of wrought Mg
alloys typically is revered as superior in terms of mechanical properties to that of traditiecedtdie
alloys. Although in general, the strength of-dast alloys can be almost equivalent to that of the wrought
variety, their ductility is comparatively much low@5]. This is due to gas porosities, shrinkage pores,
blowholes and other defects which result in the material following solidification during the casting
process. These defects are virtually tgsistent in those all@ywhich are subjected to thermomechanical
processing such as extrusion, rollingdgigueb forging
illustrates the relationship between strength and failure strain for variogssti@nd wrought Mg alloys.
It can be observed that thermomechanical processing leads to improved strength and considerably
increased ductility, which makes these forms of alloys delgirfor automotive structural applications.
Among the wrought all oys, dxtnriwdierdg gmd drucltlsi nvhi

be subsequently processed to produce an automotiv

suspension arm. Contrasting to this, die forging can 250 —

prodwce near net shape products (such as a suspens '\\ ; : :\

Front Lower Control Arm (FLCA)), with properties - =i '\| \\'___ﬂ /

exhibiting the superior strength and ductility wrought % 1504 | - Wiought aloys

Mg alloys typically possess. Thus to produce a g ol \ -c:\._

complex geometry such as an automotive suspensic & e

FLCA with wrought material properties, dierging %0 Dlexasting lloys

has been selected as the production method of choir 0 : : n T
Strain [%]

Figure5 - Mechanical Properties of dieasting and wrought Mg alloy&®eproduced via full access from Wiley[8%]
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Figure6 showcases visual referees of near net shape forgings made from AZ80 Mg for
automotive applications which are currently available in literature. The applications are all structural (load
bearing) components which are typically considered to be fatigue critical, not onedaudytimportant
for crashworthiness (requiring high ductility and energy absorption). The researchers who published work
regarding these forgings generally focused on the sensitivity of the properties and performance to forging
process parameters, and @werization of microstructure and tensile monotonic properties of the as
forged part.

() (b)

Blocker Finisher

Trimming

[32]
Figure 6 - Automotive forgings made from AZ80 Mg (a) connecting rod* (b) wheel (c) shock absorber head (d) differential case
(e) suspension control arm [*Shown is ZC71/SiC/12P part, however an AZ80 forged part wiasgado[28] Reproduced
with permissdn from Taylor and Francis, [29][32] reproduced with permission from Elsevier, [31] reproduced with permission
from Sage Publishing, [30][22] Reproduced via full text provided by author, [8] reproduced via full access provided by Wiley.

Detailed investigtion of both characterizing and modelling the forging process to near net shape products

is an emerging area of research with very little precedent for forged AZ80 Mg. As a result of this many
researcherfb], [10], [11], [17][19], [22], [24], [28], [29], [31], [32], [361[41] have focused on the high
temperature deformation behavi oudi eodf cfoorrfgiegdurraz 8 o
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subsequent processing is required to achieve the final product shape. Despite this, studies that discuss the
effect of thermomechanical history (resulting from the forging process) on the tensile/compressive and
fatigue properties of AZ80 after forging deérly limited. Koboldet al.[36] performed both axial and radial

open die forging of eéxuded AZ80OT5 at rates betweenrZ mm/sec, and observed no significant difference

on the anisotropy of the material flow regardless of the forging direction. Furthermore they concluded that
optimal isothermal forging temperature to be 350°C, and alsmmending that this optimum condition

tends toward lower temperatures with increasing strain rate.éf@alZ10] observed in didorged AZ80

F that increasing the forging temperature decreases the mechanical strength due to an grain growth but
enhances ductility due to a more homogeneous microstruceigdsbiconcluded that at higher deformation

rates (308400 mm/sec) lower forging temperatures are desirable (240°C) due to the added heat of
deformation at higher rates. Rivagsal.[22] investigated the stres®ntrolled fatigue characteristics of
samples machined from a forged AZ80 automotive wheebasdrved an endurance limit of approx. 98

MPa. The effect of the forging process on strength, ductility and the strain controlled fatigue behaviour of
AZ80 has yet to be investigated in detail and is one of the great academic opportunities being byploited
this researchvork.

The hexagonal closed packed or HCP crystal structure of Mg alloys results in a difficult in
processing the material at low temperatufgigure 7 illustratesthe critical resolved shear stress vs.
temperature for a variety of different deformation modes. At room temperature, basal slip has by far the
lowest CRSS in the range o#2MPa, if the grain orientation is not favourable for basal slgrtext mode
that will be activated igxtensiontwinning which has a CRSS in the range d@f07MPa, this is followed
by prismatic, pyramidal, and contraction twinning. Von Mises criterion states that for arbitrary plastic
deformation at least 5 independtiship systems need to be able to be activated. At room temperature this is
very difficult with magnesium, as basal stipically dominates, however, at elevated temperatures in the
range of 225125°C the CRSS for other modes decreases dramatically imgrine ability to plastically
deform and thus its formability. What this means is that to successfully process magnesaahiewvel
large strain via forging, it must be done at elevated temperatures. This introduction of temperature into the
processingequation complicates controlling the resulting microstructure quite a bit as now the process is

highly thermomechanical.
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Figure 7 - Critical Resolved Shear Stress (CRSS) as a function of temperature for a variety of different deformation mechanisms
for Mg Alloy[42].

2.2.ElastePlastic Modelling

Previously, modelling of wrought Mg alloys was uncommon as its complex HCP crystal structure
causes an asymmetry in the yield locus between tension and compf43kiGurthermore, the
anisotropic nature of wrought Mg alloys requires a criterion for description that can accommodate this
directional depetence of material behaviour. CazamdBarlat[44] initially modeled the asymmetry
and anisotropy in yielding of pressure insensitive metals using a simple formulation with a relatively
simple two material parameter model requiring the tensile and compressive yields stresses. This model
can be seen as anodution of the well know von Mises (VM) criterion as the model reduces to the well
established yield function when the stresses in tension and compressgaard’rogressing from this,
Cazacu, Plunkett arBarlat (CPB)[45] developed an orthotropic yield criterion suitable for HCP
materials, more commonly known as the Cazaatdlat (2006) criterion. This model is more complex
than their previous one as it requifear additional material parameters which describe the tensile yield
stress at 45and 90 as well as the tensieension biaxial yield stress. This model has been used
extensively by many research@8][46][47] to model the elastplastic behaviour of sheet Mg alloy
under plane stress. Andaragt[43] investigated the validity of the CazaBarlat (2006) or CPB2006
yield function using experiméal data from uniaxial specimens (tension/compression) and cruciform
specimens (biaxial tension) for AZ31 sheet. They found that the yield criterion was able to provide an
accurate failure description of the anisotropy and asymmetry of the plastic wéokisoPlunketet al.
[46] also demonstrated that not only was the CPB2006 model suitable for sheet AZ31 Mg, but other
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textured netals as well such as aluminum, steel and titanium alloys. ¥oali47] more recently

utilized the model to simulate the axial crushing of a tube made of AZ31 Mg sheet. They noted that the
model accurately captures the significantly different hardening rates in tension and compression which
led to a higher fidelitgrush response prediction. Very recently, Khayarsizal.[48] investigated a

simpler asymmetric and isotropic Cazdgarlat yield criterior{44] based on the axisymmetric model of
Jahed et. §49] to model the behaviour of cast AZ80 tubular specimens under internal pressure and axial
tension/compressidip0]i [54]. Despite the previous work done surrounding efdastic modeling of

sheet Mg alloys under plane stress, to the knowledge of the author, nothing is available in literature

regarding modelling bulk material behaviour of AZ80 Mg alloy undiaree dimensional stress state.

2.3.Fatigue Life Modelling

In order to quantitatively compare the life during cyclic loading in wrought Mg, numerous fatigue
damage parameters have been proposed in the litefa®j;d55]i [57] Researchers have formulated these
parameters in such a way that they can be categorized into models which relate the experimental fatigue
life to the stress, strain or energy associated with a single loading cycle. As exhilsitgdre80, some
forms of AZ80 may display perfectly plastic cyclic behaviour post cyclic yield or even cyclic softening,
since within an arbitrary rge of applied strain amplitudes, the stress may remain constant, or even
decrease, however we know the life to be less with increasing values of strain. As a result of this, stress
based fatigue models are not ideal as they cannot accurately capture ¢migage inflicted under these
ranges of deformation conditions. This however does not mean thatlbsisess models for fatigue life
prediction are not suitable for all Mg alloys, Lin efa8]successfully predicted the fatigue life of wotled
AZ31B Mg alloy under cyclic stressontrolled loading by proposing a strdéssed damage parameter.
Shiozawaet al.[16] modelled the fatigue life of AZ80 extrusion using a total strain energy ddresigd
model, first developed for rolled AZ31 by Pagk al. [59] and similarly Albinmousa et. 460] as a
modification to the wetknown Morrow model, to reliably predict the fatigue life of extruded AEK&)
alloy. More recently, Wanegt al.[25] utilized this modified Morrow model to successfully predict the LCF
life of extruded AZ80 using a total strain energy denkidged approaci.he following statements will
summarize the gaps in knowledge in thateof-the-art literature, as these willebthe focus of the novel
contribution to this research work. Firstly, characterization of the effect of the forging process on strength,
ductility and the strain controlled fatigue behaviour of AZ80 Mg. Secondly, ghesttic modelling of the
bulk materal behaviour of AZ80 Mg alloy (forged or otherwise) under a three dimensional stress state.
Finally, fatigue life modelling of forged AZ80 Mg for not only simple uniaxial loading, but for more

complex multiaxial, notproportional, and oubdf-phase loadingnvironments.
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3. Methodology

3.1.Introduction
The methodology section of this work focuses on both the experimental and modelling methodology.

Although not the direct focus of this work, contextual background is given regarding the details of the
physical forghg process (i.e. how the base material was thermomechanically processed into a different
shape via compressive forces). Several different types of forging geometries were selected with the
intention of capturing the nuances of material flow and thermomazdidistory that is typical in an

industrially relevant forging process. These include simple upsetdipdarging as well as a closed die

forging with a more complex geometry and material fléhs chapter also describes the rationale and

details betnd the specimen design and selection for the experimental campaign as well as the
measurement techniques used to acquire the data necessary to fulfill the characterization and modelling
objectives. Furthermore the details surrounding each experimertaigee which was employed are

discussed and relevant parameters for recreation of the experiment are given. Specific reasoning regarding
why certain methods were employed are also discussed within the context of the objectives and constrains
of this expenmnental campaignBy and large, thenonotonic and fatigue tests were conducted with servo
hydraulic machinery with a number of different methods of both controlling and measuring various

parameters throughout the test.

3.2.Material Processing & Forging
Very generally, to produce the forged prodid¢teAZ8 0 fAibase materi alfa was t a

cylindrical billet and heated in a furnace to a prescribed elevated temperature (ranging fi©iin 250

450°C) for a prescribed duration to ensure temperature uniformity. Following heating, the billet would be
placed into isothermal temperature dies Whiten would apply compressive forces via a hydraulic press
to cause bulk material flow and form the sample into the desired shape. Two forms of forging are
investigated, opedie forging which has e : X Vi
unrestricted flow in both the radial and

longitudinal diretions, and closed die which

restricts material flow in both of these direction
Both forgings were performed on an Interlaken3
500 Ton press, with heated tooling capable of
going to 450C and a maximum platen speed of§ ;
400 mm/min (se&igure8). A schematic of =

these two types of forginghich were conducted

Figure8 - Interlaken 500T Hydraulic Press. Forgings were prced |

on this presand resulting geometries can be
this press located at CanmetMATERIALS in Hamilton, Ontario, Cane

seen inFigure9. More recently, fullscale
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component forging has been conducted on a Macrodyne 1200T press, with bolsters containing cartridge
heaters and a maximum speed of 750 mm/min.

Flow Schematic Cross Section Forged Product Sample Extraction

Open Die s I
FD
RD‘/T\‘LD
Closed Dies q

Figure 9 - Various stages of processing for two styles of forging (open die and closed die)

The forging process is controlled in such a way as to ensure a constant forging rate, and die
temperature, however there are some effects of internal heatrg deformation as well as convective
cooling to the environment which affect the desired isothermal nature of the process. The actual
temperature history is a function of the base material condition, location within the billet, forging rate,
and targetemperature among other factdfggure10illustrates a schematic temperature profile of a
typical forging process. Following the forging step the sangptemoved from the die and allowed to air

cool in ambient room temperature environment.
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Heating Forging Cooling

Figure 10 - Schematic representation of temperature historywésious stages of the processing during forgibgferent line
weights show approximate effect of convective cooling on the slower rate forgings.
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3.3.Experimental Methodology

3.3.1. SpecimenPreparation and Characteristics
Since a variety of different forms of AZ8@g were investigated, the location of sample

extraction, the samples geometry, as well as the sample preparation techniques all play an important

factor in the accuracy of the experimental data presented here. Ingérnerals e mat er i al 6 and
matei al 6 are the categories from which all these sa
further divided into cast and extruded varieties. The data presented here for the base material is for the
fiafsabri cat e d) and tbhensdmpldar looth caét and extruded were extracted from larger

cylindrical billets. These billets have different diameters and lengths depending on the specific variety of

base material, however they always are cylindrical in shape. Thus the orientation of sédthpi¢bese

cylindrical billets can be broken down into LD (Longitudinal Direction), TD, (Transverse Direction) or

RD (Radial Direction), seBigure1l. Important to nte is the fact that for the extruded base material the

ED (Extrusion Direction) is the same direction as the longitudinal direction and sometimes the terms are

used interchangeably but refer to #zane material orientation.

@) ®w C5

Figure 11 - Orientation of samples from within(a) cylindrical billet (b) I-Beam forging

In general, for the forged material, the locations and orientations of where samples were extracted
is largely governed bgpatial constraints due to the forging geometry. Thus an effort was made to orient
the samples in an efficient way to optimizetenal utilization and extract as many samples as possible
from each forging to provi doe par osptearttiys.t i cDaelslpyi tree Iteh
recognizes inevitable spatial variation in material properties and makes a conscious effort to quantify this
in the way the data is presented as well as the analysis and discussion of results. This characterization of
the spatial variation is the focus of discussion throughout several chapters of this work and can be seen as

a contribution towards the larger scientific community.
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Efforts were taken to prepare the surfaces of all test samples according to their ABdaids(d
applicable) and reduce the risk of surface roughness idqareenaturdailures. Following machiningof
the surface, if necessary additional polishing was conducted to ensure both an acceptable and consistent
surface finishAxial test sampleslth a nomi nal surface finish of RaOO.
actual roughness was substantially | essthatware ound O
used for shear testing WAaudhmayobtheroughregsofie withintkeh of Ra
gauge section of various samples which were utilized are illustratédure12, the measurements

shown represent the worst (i.e. roughest) ofathges tested.

Ra = 0.038um
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Figure 12 - Surface roughness within the gauge section of various sample geometries of the flat "dogbone" sample used for
uniaxial monotonic and fatigue tests along ¢agthe flat surface (b) the side curvedfage and then (c) the outer surface of the
hollow tubular samples used for the pure shear and biaxial tests

The sample geometries selected here are of three different types, cuboid (i.e. a cube with 7.6mm
side lengths utilized for compressive monotonictes ) , f |l at fidogboned shaped,
fatigue tests and then hollow tubular for pure shear aiadibl tests. Details of the geometries for the

dogbone and tubular specimens can be found bel®&igure13 andFigurel4respectively.
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(66.7) X (nm) | y (mm) | x (nm) | y (mm)

(21) Thk=6 0.00 3.00 8.38 3.49
0.68 3.00 9.14 3.63
y 1:37. 3.01 9.93 3.82

(12)

2.05 3.01 10.69 4.05

2.74 3.03 11.36 4.37

X 3.42 3.04 11.77 4.71

— 7\ — 4.11 3.07 12.01 4.98
4.80 3.11 12.25 5.34

02 5.50 3.15 12.52 6.00

Notes 6.20 3.20 3335 6.00
6.91 3.28 33.35 0.00
1. All dimensions are in (mm) except the surface roughness which is in micro-meter. 7.64 3.37

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

3. Axes x and y are axes of symmetry.

Figure 13 - Axial "dogbone" specimen geometry
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Figure 14 - Hollow tubular specimen geometry

3.3.2. Microstructure and Texture

The metallographic samples were prepared following the metallographic technigues outlined in
ASTM E3-11 with acetiepicral etchant similar to that used by Roos#d&il.[61]. The microstructure was
observed using a light optical microscope (LOM) and a scanning electron microscope (SEM), coupled with
energydispersive Xray spectroscopy (EDS). The averagein intercepmethodis used to quantify
thegrain sizeThe texture measurements were performed on polished samples BsirkgaD8Discover
equipped with ¥ ANTEC-500 area detector, with a radius of 135 mm and usingQu r adi ati on at
and 40 mA(seeFigure16). During the measurement, the incident beam and the detector were placed at a
fixed 2d angle of 40A. The collimator size was 1.

which was osillated at an amplitude of 1.5 and 2.5 mm, and a speed of 3.3 namds5.5 mm's for the
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X and Y axis, respectively. The samples were tilted
between 0 and 75°, with a step of 15° considered as the
g-scan, while the sample rotation, known tasscan,

was between 0 and 360°, with a step size of 5°. The
sample was scanned for 20 s at each orientation. The
Debyé Scherrer diffraction rings were collected using
the area detector in al2 diffraction image. Then, the
incomplete pole figures for the {0002}, ¢pO},
{10p1}, and {1p02} planes were extracted from the
diffraction rings. The complete pole figures were then

calculated using the DIFFRAC.Suite: Texture software

Figure 16 - Bruker D8Discover equipped with a VANTESDO area detector

3.3.3. Superficial Hardness

As a preliminary fAscreeningo test rficial
measurements) were conducted on the surface of the base and fatgedisn This
was to primarily investigate the presence of any spatial variation in properties whi e

the material flow is multdimensional, and the thermomealaal history is spatially
varying throughout the cross section of the forgagproximately35 measurements were
taken across the surface using a Rockw 30T sca
separation between indentations was ensure tangienany interaction between -
measurement points and plastic deformation zones. A United True Blue |l-thoged
Rockwell hardness testing machitégure15) was utilzed to perform the

measurements. Following data collection, contour plots were then generated to

Figure 15 - United
True Blue Il Rockwe

throughout theillet/forging cross sectiorCoupling these observationfapparent ~ Hardness Tester

highlight the spatial distribution of the results and exaggerate anymiformities

spatial variation in hardness with any variations which were observed in the monotonic/cyclic behaviour
acted as further support to any conclusions that were drawn about the material strength, ductility and
hardening behaviour and its link teetlocal thermomechanical history and final texture of the forged

material.
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3.3.4. Strain Measurement
For the monotonitests (both axial and sheatjain measurement was accomplished using a

GOM ARAMIS 3D 5MP DIC system which passively functioned to measwsttain This non

invasive technique is used due to the large shock loading that can occur within the sample upon final
fracture/failure which can damage conventional-olipextensometer$he average strain rate within the
gauge section of measuremerw 1 . 4'Har e axia tests and 6.7Eseé! for the shear tests.

Within the gauge section, the sample surface was painted with a specific random speckle pattern to
facilitate accurate calculation of strains using the digital image correlatior) @lj@rithm.The Digital

Image Correlation algorithm has a typical displacement sensitivity of 1/100th of a pixel in plane, 1/30th
pixel out of plane. This translates into about 5 to 15 microns per meter of field of vievé fdedapixels
stereo camera stem. The strain sensitivity is highly dependent on the test conditions and will typically
be between 50 and 100 microstrain. Filtering and optimization of the test conditions will result in better
sensitivity results, however no extra (or additionalgfihg was performed on the data presented in this
study. Uncertainty is quantified by measuring the standard deviation of the displacement or strain
distribution measured on a static object. 3 standard deviations is typically used to define the noise floor
The average noise floor in these particular tests (as defined by the aforementioned method) was well

below three orders of magnitude less than the maximum strain during the test. l.e. < 0.01%.

Figure17 - GOM Aramis 3D 5MP DIC System with detailed view of specimen surface

For the purely axidiatigueteststhe strainrvas measured throughout the first 10,000 cycles using
an MTS632.26 extensometer witn 8mm gauge and travel of £.2-mm until stabilizaion of the cyclic
hysteresis loop was achievéthrthe pure shear and biaxfatiguetests, the strain was measured for
using an Epsilon biaxial extensometer (model 358@Figure18) with axial and shear ranges of £5%
and¥3mounted on t he s plBungeimin dostrol,ghe max straih @te avérdged over

the gauge section of measurement was ~2.SB¢! for the pure axial angduretorsional tests.
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Figure 18 - Epsilon 3550 Biaxial extensometer, shown withemifiesive coating applied

In general, precautions were taken to ensure that slippage of the extensometer relative to the
surface of the sample did not occur (asaduld induce error into the measuremeaitnmonly manifesting
itsel f as e x)iTheusiaxial exteasomeferdmad affixedto the sample surfaces using steel
springs as well as Loctite 404 instant adhesive and Loctite 7452 accelerantaXtakthbular
specimens were coated with an adhesive coating which allowed the extensometer knives to achieve
adequate tractive force to prevent slipping, without causing a defect on the sample surface which could
potentially induce a premature failurBothinternal springs within the extensometer and an externally
applied spring mechanism act to fipreloadodo the con
forcefor the biaxial extensometdfinally, in general, when controlling the strain (or simplgasuring
the strain) throughout the test the frequency of the loading is reduced to allow for good measurement

resolution as well as stable and accurate control of the-kgdraulic machine.

3.3.5. Quas-Static (Monotonic) Tests
The quasstatic tensile testwere performed according to ASTM standard E8/H&d using an

MTS 810 ServeHydraulic test machine operating in displacement control mode with a displacement rate

of 1 mm/min. The quasstatic shear tests were performed under rotation control modatat@f 1.2

deg/min.DIC was used to measure the strain within the gauge section, the reported strain values are the
average quantities over this prescribed gauge area ignoring the fringe data which comes from the edges of
the surfaceThe failure criteriadr the testsvereconsidered to bevhichever of the two following

conditions occur first djnal rupture of the specimen gauge section or b) a >50% decrease in the

measured load/torque.

3.3.6. Stress Controlled Fatigue Tests
Thestress controllethtigue testsvere performed as per ASTM E4@6 in an ambient

environment usingn MTS810 ServeHydraulic test machine operating in stress control mode at a

frequency range of 0.1 Hz to 30 Hz depending on the stress amplitude to maintain an approximately
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consistent lading rate between all tesis.certain caseshé strainwas measured throughout the first
10,000 cycles usingn MTS632.26 extensometer until stabilization of the cyclic hysteresis loop was
achieved. The tests were conducted at a zero mean stre$® @&.1, sinusoidafully reversed stress
cycle) and stress amplitudes of between 140 MPa and 190 MPa. The failure criteria for theréests
considered to be final rupture of the specimen gauge section.

Figure 19 - Example setup of waixial stress controlled fatigue test.

3.3.7. Strain Controlled Fatigue Tests

The axial fatigue tests were performed as per ASTM E606 in an ambient environmemtnusing
MTS 810 ServeHydraulic test machine and shear/biaxial using an In§83 test machine operating in
strain control mode at a frequency ranges of 0.05 Hz to (2 EE mode) and 1 to 30 Hz in force control
mode(HCF mode)Xepending on the strain amplitude to maintain an approximately consistent loading
rate between all testThe tests were conducted at a zero mean strain (i=., Rsibysoidalfully
reversed strain cycle) and strain amplitudes rangorg 0.26 to 2.0%.The control parameters of the
load frame controller were calibrated in such as to ensure accurktarnueaalley values and stable
operation over the wide range of frequencies tested. The controller was operated in closed loop mode to
compensate for any variations in specimen stiffness throughout the test duration as the material cyclically
hardened/soéned or cracks developeBata acquisition was sufficiently high frequency as to achieve a
minimum of 50 data points per cycle to ensure accurate and high fidelity hysteresis loops and modelling
parametersThe failure criteria for the fatigue testasconsidered to be a 50% reduction in the peak
tensile axial stress or a 50% reduction in peak or valley shear gtoesggher cycle fatigue (HCF) tests

(i.e. greater than ~ 20 000 cycles), the cyclic response will stabilize and the hysteresis |ecopainll r
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virtually constant. In these scenarios, the extensometer is then removed and the test is switched over to
force control mode using the peak and valley stresses from the stabilized cyclic response as maxima and
minima. This facilitates much higher é@ency operation of the test where any transient hardening
behaviour of the material has decayed and the cyclic response is now virtually constant until failure. The
failure criteria in force control mode is the approached in a similar fashion wutlined in sectior8.3.6

of this thesis.

Figure 20 - Example setup of a waixial strain controlled fatigue test.

3.3.8. Multiaxial Fatigue Tests

The multiaxial tests were conducted in a similar fashion to those discussed in 3&c#iofnthis
thesis, with the most significant difference being the presence of a combined loading (two simultaneous
loading axis).During thestrain controbortion of the biaxial test¢he max strain rate averaged over the
gauge section of measuremeBt2 E-3 seé¢!. Schematic diagrams of all of the loading paths investigated
in this work are investigated Figure21 (c, d and e illustrate the biaxial diag paths)lt is important to
note is the loading waveform is controlled to be a sinusoidal variation between each loading axis
maximum and minimum strain value. For proportional loading (where each |laadigtrain
magnitudes varin afixed proporton) this produces a maximum equivalent strain which occurs at a
location which is coincident with both peaks of individual loading axis. However undgyrapartional
loading there is some phase shift between loading waveforms which varies be®@em@er this

condition the angle at which the maximum equivalent strain occurs is more complex.
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Figure 21 - Loading paths used for the fatigue experiments (a)-puial, (b) pure shear, (c) proportional (d) 45° out of phase
and ) 90° out of phase.

Once again similar to secti@3.7of this thesis,He failure criteria for théiaxial fatigue tests

wereconsidered to be a 50% reduction in the peak tensile axial stress or a 50% reduction in peak or valley

shear stresvhichever occurred first}-or tests in the HCF regime, a switch to force/moment control

mode was once again adopted to facilitate hiffeguency operation for higher duration teftata

acquisition of forces, moments, and axial/shear strains were recorded simultaneously at a sufficiently high

frequency to ensure a minimum of 50 data points per cycle. Typically in these tests vishksertraid
form on the surface of the sample prior to reaching one of the failure criteria. The initiation location and

propagation direction of these cracks was observed and recorded for further subsequent analysis.

3.3.9. Fractography
The fracture surfaces aftemsile and fatigue tests were examined using SEM techniques (FEI

Quanta FEG 250 ESEM with EDXBoth quantitative and qualitative analyses were performed to
characterize the nature and morphology of the surface, as well as the topography from bobtis@piacr
and microscopic perspective (degure22). Furthermore the macroscopic crack path was investigated
and orientation determined via optical image analysis tqaks. For a small proportion of the axial

tests, the failure criteria would be achieved prior to final rupture of the specimen, thus in order to fully
rupture the sampl@n overload tensile force would be applied to cause catastrophic raptisrroess
facilitated visual fractographic investigation of the surfécareful precautions were taken as to ensure no
significant compressive loading was introduced into the sample following failure as to preserve the

features of the fracture surface and malLice any additional damage. The samples were then stored in a
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desiccator with a controlled environment (nitrogen air chamber) to prevent oxidation of the surface prior

to imaging via SEM.

. Spectrum 7
Witk o
Mg 866 04
Al 49 03
9] 45 0.3

- |

Figure 22 - Fracture surface EDX angsis example

Figure23illustrates the surface profile (and the roughness profile incorporating curvature correction)

within a region of the fatigue propagation zone for a uniaxial fatigue specimen. The average surf

roughness can be observedtobe Ra=224 di stinct facets can be obser\
profile. Quantitative analysis techniques such as those obtained via a Keyence 6000 series Light Optical

Microscope were used to further charaaeffracture surface.
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Figure 23 - Quantitative analysis of fracture surface using Light Optical Microscopy
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3.4.Fatigue & Life Modelling Methodology

The basis of the methodology is to characterize the

material in such a way that one is able to accurately predict o
the fatigue life of forged AZ80 Mg alloy given a loadin "
history in the range of lifetimes which are typical Vi et

automotive structural components. Several approaches have \ ’

been implemented to quantify the damage associated witfﬁ |
one fatigue cycle, being stress based approachss (S

Basquin), strain based approacfiesl, Coffin-Manson)

and energy based approaches (Jafewani, FatemiSocie  Figure24i Definitions of elastic (grey) and plasigellow)

etc). The details of each of these techniques are discusse(fg(rfgh[(ég?rgy densities (SED) for a schematic cyclic hyste

in subsequent chapters of this documeEnt.energy based

approachegrigure24 describes the decomposition of elastic aladtiz strain energy densitifg2]. In

general, decomposition of elastic and plastic components of both total strains and strain energy densiti
(SED6s) is required for strain or energy based ap
As such, the elastic modulus (or Youngdéds modul us,
have a dramatic effect upon the resultshef modelling. For the purpes of this thesis, the average

Youngb6s modulus from multiple monotonic tests wer e
modulus in most cases is virtually identical to the cyclic unloading modulus in the compressigal

(as denoted ifrigure24). These values vary slightly, depending on material condition (base material, or

various forged conditions) as well as the materiaation (RD, TD, LDetc), however in total these

values ranged from 42.2 GPa to 46.8 GPa. Conventional wisdom might dictate that the elastic modulus is
isotropic and not sensitive to processing conditions, however utilizing the correct elastic modies for

specific material condition is vitally important in ensuring the accuracy of the predicted life especially

when the elastic strains are a significant proportion of the total strain (i.e. high cycle fatlgse).

technique was adopted here to furtbehance the accuracy of both the characterization data (material

constants) and the resulting life predictions.

3.5.0verview of Research Methodology

Despite the fact that the majority of scientific contribution of this work is in the realm of discovery
level knowledge, the research methodology was both a very systematic and pragmatic approach (as to
fulfill the objectives of the work, as well as the task objectives of the larger project). A graphical

representation of the research methodology can be seenihdt@ure25.
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Figure 25 - Graphical lllustration of Research Methodology
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4. Monotonic and cyclic behaviour of cast and dastjed AZ80 Mg
This opening chapter of the thesis acts to form the

foundational characterization kwtedge for forged
AZ80 Mg. The key focus of this chapter is tvia@ld,
firstly characterization of the forged AZ80 Mg

Contents lists available at ScicnceDirect

International Journal of Fatigue

journal hamepage: www.elsevier.com/locate/ijfatigue )

Monotonic and cyclic behaviour of cast and cast-forged AZ80 Mg @m‘m

materiaL and Seconc“y, understanding |tS Cyc"c A. Gryguc™”, S.K. Shaha*, S.B. Behravesh®, H. Jahed®, M. Wells*, B. Williams", X. Su*
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behaviourFirstly, research surroundg the

ARTICLE INFO ABSTRACT

characterization of forged AZ80 Mg thus far i
extremely limited, and is very application based, wit

little discovery level work which has been done. Of

the works that have been condugtibay can be

separated intoharacterization afaterial which was

1. Introduction graphic texture, and consequential anisotropic mechanical proper
ties commonly formed during processing, limits the application of
. . . 5 There has been a growing strong impetus to increase fuel effi- Mg alloys for manufacturing of complex parts such as a concrol
forged as an Intermedlate process'ng tecm(mr ciency and decrease emissions in the automotive industry over  arm. Forging is a near net-shape manufacturing technique that
the past several decades. Implementation of lightweight materials  offers significant benefits as a material processing technique to
in structural applications are at the forefront of this effort, as this  produce a heavily refined wrought microstructure, lower internal
strategy can improve vehicle efficiency, longevity, and perfor-  defect density, and recrystallized grain structure, resulting in supe
mance. The multi material lightweight vehicle (MMLV] is an  riar strengeh, improved ductility, and longer fatigue life [2]. The
amine the effect

subsequent processing) and nearahetpe forging of

a component which resembles the final part geome

materials used inindus-  behaviour o
nferior cast properties and poor farmability — AZ80 Mg in

erion e
Mg alloys at room temperature, resulting from strong crystallo

try [1]. H
of

The research which can be categorized as forgi

Figure26-A .

as an intermediate processing technique is mostly

. - "GreyayuiiMonotonic and
focused on characterizing the hot workapiof the andcastf or ged v Ag 780 Mg, o | nt.ildm,
2017.

material and not the room temperature properties of tiic
final product. Siet al.forged an aerospace cover plgg8] andindicated the optimum processing
temperature for AZ80 Mg alloy is 28810°C and straimates of 0.000.0017 ¢ to facilitate full dynamic
recrystallization. The basis for this conclusion was on the hot workability and obtaining desirable
microstructure. Kobolet al.[36] performed simple radial upset édng (similar in nature to the style of
forging presentedhere in chapted) of extruded AZ80 Mg. They concluded that the optimum forging
temperature was 350 albeit at a much higher strain rate of 653 s' once again the conclusion drawn

from the basis of hot workdity and favourable material flow.

The research which can be categorized as characterization of near net shape forging is focused on
microstructural investigations and monotonic properties assessment. Kevetlajg@8] forged
extruded AZ80 Mg into an automotive connecting rod af@lnd a strain rate of k! and observed
only slightly better structural properties compared with the base material. They also postulated that the
mechanical properties developed in magnesium forgings depend on the strain hardening induced during
forging. AZ80 in particular issubject to rapid grain growth at elevated forging temperatures so strain

hardening is achieved by keeping the forging temperature as low as is practical as to not induce cracking.
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Both types of characterization work that has been done is very limiteddreadth of discovery level
knowledge, and only deals with one facet of the characterization which is required to successfully
understand, model and predict the behaviour of forged AZ80 Mg. This knowledge gap illuminates a
valuable opportunity for the whknof this thesis to make meaningful scientific contributions, in particular

to develop the structugroperties relationship for forged AZ80 Mg alloy. The work presented here in
chapterd illustrates that forging of AZ80 Mg can result in mechanical properties which are very desirable
for structural applications, and significant increase in strength and ductility when compare to the base

material (attrilutes which typically are mutually exclusive).

The second key focus of this chapter encompassesanrch surrounding the fatigue characterization
of AZ80 Mg is quite limited, led by only a few cornerstone worRy.in large the knowledge base on
understanding how AZ80 Mg behaves under cyclic loading is very much a topic which is under
developmentChapter2 detailed a compressive literatureiew on thestateof-the-art of fatigue of AZ80
Mg, however pertaining to this chapter of the thesis, the work that has been dongoimdire ofs-N
fatigue of AZ80 Mg alloy i§25][63][64][16][20]. Of these, the work by Xiong and Jidi§] can be
considered to be the most comprehensive, as it investigates the effect of material orientation on the cyclic
deformation and fatigue behaviour of AZ80 rolled pldtesr key conclusions are as followtsie rolled
plate has a preferential texture orientation, which affects the level of asymmetry exhibited at higher strain
amplitudes in the cyclic response depending on the orientation of the loading axis. Sewdmuilygy-
detwinning dominates the cyclic plastic defation at higher strain amplitudes and dislocation slip
prevails at lower amplitudes (<0.35%jnally, transgranular cracking is characterized by lamelilee
features occurs during fatigue crack propagation (FCP), and intergranular fracture chaddmyerize
dimplelike features in the final fracture (FF) regidrhese works have laid the foundation for developing
the link between texture, forging direction and cyclic response, however addition of the
thermomechanical effects which forging introduces theomaterial is something lacking in these works

and is a great opportunity for scientific contribution.

When lookingmore specificallyat the literature surrounding fatigue characterization of forged AZ80
Mg alloysit becomes much more limiteMoldovan et. a[5] conducted very rudimentary work on the
stress controlled fatigue of AZ80 Mg alloy of unknown processing conditions and forging catifigu
They indicated that many inclusions with manganese content could lead to rapid failure of the material,
and thus recommended it was desirable to have minimal inclusions, porosities or coarse intermetallic
particles. River®t al.[22] conducted stress controlled fatigue tests on the spokes afealfAZ80 Mg
automotive wheel and observed that a distinct endurance limit of 98 MPa Exigkeermore, they

indicated the presence of a preferred texture orientation, however they did not give substantial detail as to
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its causation or its implication$his vast knowledge gap illustrates the most valuable contribution of this
particular work, the fatigue characterization of forged AZ80 Mg alloy. These key contributions align very
well to satisfy the research objectivieshru 4 for uniaxial strain contideld loading pathsThis knowledge

will enable researchers and industry to understand the strycyerties relationship and apply it to

model the static and cyclic responses of forged AZ80 Mg as well as reliably predict its fatigue life.

The following journal article published in the International Journal of Fatigue (July 8, 2017) has been
presented exactly as published, with the exception of modifications made for harmonizing references,
table and figure numbers to integrate into this larger thesigrdent A version of this work was also
presented at the Fatigue and Damage of Structural Materials (FDSM XI) conference in Hyannis, USA in
September of 2016.

4.1.Introduction
There has been a growing strong impetus to increase fuel efficiency and deonszsens in the

automotive industry over the past several decades. Implementation of lightweight materials in structural
applications are at the forefront of this effort, as this strategy can improve vehicle efficiency, longevity, and
performance. The milmaterial lightweight vehicle (MMLV) is an emerging philosophy, and includes
extensive use of lightweight materials for structural components. Importantly, this philosophy dictates that
their location in the vehicle be determined directly by the locatidmeir optimal performancdlagnesium

(Mg) and its alloys have significant promise in this area, with widespread applicability in fatiticel
components, such as suspension control arms, since they are the lightest commercially available structural
metal and their cyclic properties are similar to those of the heavier, more conventional materials used in
industry[65]. However, the inferior cast properties and poor formability of Mg alloys at room temperature,
resulting from strong crystallographic texture, and consequeatiaotropic mechanical properties
commonly formed during processing, limits the application of Mg alloys for manufacturing of complex
parts such as a control arnorBing is a neanetshape manufacturing technique tloéfiers significant

benefis as amatrial processing technique faroduce a heavily refined wrought microstructure, lower
internal defect densitand recrystallized grain structyresultingin superior strength, improved ductility

and longer fatigue lifg4]. The focus of theresent study is to examine the effect of forging, as an alternative

for manufacturing complex Mg parts, on the monotonic and fatigue behavior of Mg.

The AZ80 alloy is a Mg alloy with good forgeability, a high aluminium content, and siopstrength.
The majority of published literature on AZ80 mechanical properties has focused on the static and fatigue
properties of extrusiofb]i [16] cast[17]i[19][12] and plate[20] AZ80 Mg. Several researchers leav
investigated the fatigue behaviour ofcast and wrought (extrusion, rolled plate/sheet) AZ80 Mg in stress
controlled[5], [6], [9], [12]i [16], [21]i [24], straircontrolled[7], [16], [20], [25], and fatigue crack growth
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rate[9], [13], [26], [27] testing. Zhowet al.[18] investigated the hot workability characteristics otast

AZ80 Mg and found that at temperatures below°808nd strain rates of 105 ¢, flow localization bands

limit the materials ductilitymaking it difficult to deform. They also studied the dynamic recrystallization
(DRX) behaviour and found that it occurred over a temperature range @iAE°C. Quanet al.[19]
investigated the hot deformation characteristics ofltastogenized AZ80 at 385G and found a decrease

in average grain size with an increase in strain rate. The observed average grain size of the cast material
was 240em. Following deformation, (total height reduction of 60%) at°85Qhe grain size was refined

to 120, 110, 94, ars0em under stain rates of 0.01, 0.1, 1, TQespectively. Novgt al.[12] investigated

both the static and very higlycle fatigue (VHCF) properties using ultrasonic ppsii stresscontrolled

testing. In ascast AZ80, they observed a yield and ultimate strengttO@fand 130 MPa, respectively.
They found ductility to be very limited with a failure elongation of only 2%, and prominent intermetallic
content with sizes ranging froni 30 em. They also observed that only surfémguced cracks occurred in

AZ80 under cyglic loading, with no observed endurance limit. They also discussed the finding that primary
fatigue crack initiation sites are governed by microscopic defects such as pores, inclusions, or intermetallics
in the lowcycle fatigue (LCF) to higleycle fatige (HCF). In contrast, they observed that in the VHCF,
fatigue crack initiation is mostly controlled by the properties of the matrix, while the role of microscopic
defects is minimal. Shiozaved al.[16] performed LCF straitontrolled tensioftompression fatigue tests

on Mg extrusion AZ31, AZ61, AZ80, in whichZ80 had superior fatigue propesi relative to the other
alloys[66]. They also observed that in straiontrolled fatigue testing, a tensile mean stress was developed,
caused by the tension/compression yield asymmetry typical of textured Mg alloys and the resulting
twinning-detwinning cyclic deform#on mechanism. They utilized a total strain energy deitsised
model, first developed for rolled AZ31 by Parkal.[59] as a modification to the wekinown Morrow

model, to reliably predict the fatigue life of extruded AZ80 Mg alloy. More recently, Véarad [25]

utilized this modified Morrow model to successfully predict the LCF life of extruded AZ80 using a total

strain energy densilyased approach.

Many researchers have focused on tlgh hemperature deformation behaviour of forged AFE0
[10], [11], [27]7[19], [22], [24], [28], [29], [31], [32], [36][41]. However, studies that discubeg effect of
thermomechanical history resulting from the forging process on the tensile/compressive and fatigue
properties of AZ80 after forging are limited. Kobatal.[36] performed both axial and radial open die
forging of extruded AZ8a'5 at rates of 0 mm &', and observed no significant differences in the
anisotropy of the materidlow regardless of the forging direction. Furthermore, they concluded that the
optimal isothermal forging temperature was 350°C, and that the optimum condition tends toward lower
temperatures and higher strain rates. Ketral.[10] observed in didorged AZ80F that increasing the

forging temperatte decreases the mechanical strength, but enhances ductility as a result of an increase in
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grain size and more homogeneous microstructure. They also concluded that at higher deformation rates
(3001400 mm &), lower forging temperatures (240°C) are ded@aRiverset al.[22] investigated the
stresscontolled fatigue of samples machined from a forged AZ80 automotive wheel and observed an
fatigue strength of approximately 98 MPa. The effect of the forging process on the strength, ductility, and
straincontrolled fatigue behaviour of AZ80 has yet to beestigated in detail.

In this study, the effect of forging parameters on the tensile/compressive and forging on fatigue
behavior of AZ80 was examined in detail and compared with thasiscondition. A texture and
microstructural link between the mechatibahavior of asast and forged AZ80 was established. The
effect of material orientation on the tensile and compressive behavior of AZ80 is also discussed. Results
from a complete fully reversed fatigue test results spanning from LCF to HCF are preSeffiredManson
and energybased fatigue properties ofeast and forged AZ80 were obtained, and the suitability of energy

based fatigue parameter in predicting the life of AZ80 was examined.

4.2 .Experimental
The material used in this investigation was comumadly-available AZ80 Mg alloy (8.0 £0.2% Al

content, with other elements composition as per ASTM-BB&tandard). The material was received from
Magnesium Elektron North America Inc. in the form of arcast billet with a diameter of 300 mm and a
lengh of 500 mm in the afabricated condition. The forging of the material was conducted at
CanmetMATERIALS (Hamilton, Canada) using billetsg3.5 mm, 65mm long), which were machined

from the 306mm diameter AZ80 casting at a position of 70% of the radili$orging trails were carried

out on a 5080n hydraulic press with an upper and lower platen (die), which were both flat. Two forging
temperatures (350 and 450°C) were examined. The billet and tooling were heated separately to the same
temperature. Therientation of the billet to the press was such that the radial direction was along the
direction of the press stroke (i.e. direction of forging was coincident to the radial direction of the billet).
Forging was carried out at two different displacemeatgs (39 and 390 mm/min), which fall within the
slower regime of die forgings presented by Kevorkgaal.[28]; however the approximate average strain
rates presented in this study lie between those presented by Kevetldaf28] and Kurz[10]. For the
guasistatic study, three forging conditions investigated in this study will subsequently be referred to as S1
(350°C and 39 mm mi#), S2 (450°C and 39 mm mi), and S3 (450°C and 390 mm riin The @ast and
machined billets were forged to a height of 13 mm, then air cooled. Graphite lubricant was used to coat the
surface of every billet prior to forging. Although the die temperature remained almost constant throughout
the test, heat loss to the sumading air during forging was expected for the billet, particularly for the slower
forging rate condition. Figure 1(a) and (b) show the orientation for which the metallographic, tensile, and

fatiguetested specimens were extracted from both the cast agedfdnillets. LD, RD, TD, and FD
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represent longitudinal, radial, transverse, and forging directions, respectively. All specimens were extracted
from a point located at 75% of the radius of thecast billet. All specimens extracted from the forged

billets had axes oriented in the longitudinal direction.

(a) Compression Fatigue Samples (b) L D

Figure 27 - Schematic image showing tensile/fatigue and compression sample extraction from (egabiekéltet, (b) the
sample forged at 39 mm rhirand 350C

The metallographic samples were prepared following the metallographic technigues outlined in
ASTM E3-11with acetiepicral etchant similar to that used by Roos#d&il.[61]. The microstructure was
observed using a light opticalicroscope (LOM) and a scanning electron microscope (SEM), coupled with
energydispersive Xray spectroscopy (EDS). The averagein intercepmethodis used to quantify
thegrain sizeThe texture measurements were performed on polished samples BsirkgaD8Discover
equipped with & ANTEC-500 area detector, with a radius of 135 mmand usinfQu r adi ati on at
and4O0mA During the measurement, the incident beam a
40°. The collimator size was Infim. The sample was mounted on the motorized stage, which was oscillated
at an amplitude of 1.5 and 2.5 mm, and a speed of 3.5'and 5.5 mm's for the X andY axis,
respectively. The samples were tilted between 0 and 75°, with a step of 15° coresdbegiscan, while
the sample rotation, known asscan, was between 0 and 360°, with a step size of 5°. The sample was
scanned for 20 s at each orientation. The DeBgkerrer diffraction rings were collected using the area
detector in a D diffraction image. Then, the incomplete pole figures for the {0002}p}0{10p1},
and {1p02} planes were extracted from the diffraction rings. The complete pole figures were then calculated
using the DIFFRAC.Suite: Texture software.

Tensile test samples with geetries according to Roostasial.[61] were extracted from the as
cast billet and flatbread shape forged samples as sholigure 1 (a),(b). The thickness of the samples
extracted from the asast billet was 4 mm, and from the forged billet was 6 mm. The -gt&tss tensile
tests were performed according to ASTM standard E8/EB&I using an 8874 Instron Serydraulic

test machine operating in displacement control mode. Compressive test samples of cuboid geometry with
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side lengths of 7.6 mm were extractexdishown ifFigure27 (a) and (b)The quasktatic compressive tests

were performed using a MTS 810 Seigdraulic test machine operating in displacement control mode.
For both compressive and tensile monotonic tests, the displacement rate of the crosshead was 1 mm min
Strain measureant was accomplished using a GOM ARAMIS 3D 5MP DIC system. The average strain

rate within the gauge section of measurement for both tests wefe31sdE.

The fatigue tests were performed as per ASTM E606 in an ambient environment using a MTS 810
ServeHydraulic test machine operating in strain control mode at a frequency rangeid Bl25train
was measured and controlled using a MTS 632.26 extensowittea 6mm gauge and travel of + 1.2
mm, until stabilization of the cyclic hysteresis loop was achieved; for HCF tests with elastic response, the
test was switched to force control mode, and the frequency was increased to 30 Hz. The tests were
conducted Ba zero mean strain (i.e., RT1 1, fully reversed strain cycle) and strain amplitudes of between
0.1% and 1.4%. Failure criteria for the test was considered to be a 50% drop in peak load during strain
control mode or final rupture of the specimen gawgian in forcecontrol mode. The fracture surfaces
after tensile and fatigue tests were examined using SEM techniques (JEGR6IBM/ SEM equipped
with AZ-TEC EDS).

4.3.Results& Discussion

4.3.1. Microstructure and Texture
As depicted irFigure28(@) and (c),theasast sampl e was f ourpdasetio consi

which aluminiumr i cphas® (Mg-Al12) is precipitated along the grain boundaries. Thi®es with the
microstructure of asast AZ80 observed by Nowt al.[12], the grain morphology of which was similar

to that observed here, while the average grain siZzd 88um) was slightly more refined than that observed

in this study.The forged conditions S1, S&nd S3 Figure28(b), (d), (e) (h)) all exhibit a recrystallized

mi crostructure with fairly homo-gkeineatre. For@lfoyédn mor p
conditions, the precipitate morphology observed at higher magnifications have a discontinuous
intergranular structure, which is similar to that observed byt al.[67] in extruded AZ80 that was aged

at 300C for 1 hr, which is comparable to the thermal history experienced in the forged samples presented

in this study. Tie average grain size for the forged conditions ranged froni3#4dum, with condition

S1 Figure28(b)) having the most refined microstructure.tAs forging temperature and rate increase, the

observed average grain size also incredsgsie29).

Figure 2 illustrates the a=mst and forgedanditions S1 ((b), (d)), S2 ((e), (g)), and S3 ((f), (h). The
ascast conditionKigure28(c)) exhibits randomized basal (0002) and prismatiqart texture. All forged
conditions Figure 28 (d), (g) and (h)) exhibit strong basal texture. Based on the basal pole figures, it is

clear that the -axis orientation of the forged material is coincident with the forging direction; similar
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reorientation of the-axis due to forging has been reported by several reseaf68pi$5]. Previous work

by Gryguc et al.[69] on axially and radially forged AZ31B extruded billets show an analogaugsc
reorientation in extruded AzZ31 following forging. The effect of forging on the initial random texture is a
local reorientation of newly recrystallizegains, causing their crystal axis to align with the forging axis as

the deformation progresses. This causes the basal texture strengthening to be planar in nature for all forged
conditions. Wanget al.[70] found that in both extruded and sheet AZ31 Mg, following significant plastic
strain, most @xis orientations, which are favourable for twinning, wibréent themselves to the direction

of forging; this directly supports the findings presented here. The texture intensity in the forged material is
inversely correlated to temperature, with very weak sensitivity to forging rate. The changes in grain size
and basal pole figure intensity as a funet@f forging condition are depicted kigure 29. The highest

basal intensity and lowest grain size were achieved at the lower temperatif@) @adforging rate (39

mm miri1). An increase in temperature had the effect of decreasing texture intensity and increasing average

grain size. This observation agrees with earlier findings of several other rese8t}jé0j[71].

Many researchers have investigated the effects of processing parameters on the mechanical properties
of AZ80 using simple copressive upset testing using Gleeble thermomechanical testing equipment. Quan
et al.[19] investigated the effect that strain rate had on cast AZ80 4C39Mhey found that with a total
height reduction of 60% (lower than the 80% height reduction considered in this study), grain refinement
is more pronounced at highstrain rates as a result of more vigorous DRX behaviouret.ial.[72]
presented similar findings for cast AZ91 Mg at various temperature$4261C); they revealed that the
effect of increasing strain rate was an increase in grain refinement, wileraase in temperature caused
grain growth and improved microstructure homogeneity. éfoail. [66] presented analogous results when
investigating the effects of strain rate on extruded AZ80 at temperatures ranging figt6@60 both of
which support the findingfahis study that lower temperature forging conditions results in more refined
microstructureigure28). However, other researchers have observegthiiincrease in strain rate resulted
in more vigorous grain refinement on their temperatanetrolled Gleeble specimens, which were water
guenched following testinfL9][66][72]. These results differ from those presented hEablé 6, Figure
28) as condition S3 (390 mm mit) has an average grain size that is pi8larger than condition S2 (39
mm mir ). This can be attributed to the fact that during forging, only the die temperature and initial billet
temperature were controlled, unlike the conditions of the Gleeble tests, in which the billet temperature is
controlled throughout deformation. Since tieat of deformation is greater for the higher rate forging, the
temperature rise due to deformation in condition S3 would be larger than that in S2, potentially causing the
observed grain growth. Additionally, following deformation, the forgings werddedir-cool, unlike the
water quenching following the Gleeble tests. Finally, this difference can be attributed to the difference

between the style of forging during a Gleeble test (axial upset of small cylindrical sample) and this study
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(radially upset blk forging). The lower temperature forging condition S1 is considered to produce the best
microstructure of all three samples, based on the more refined and recrystallized morphology it possesses.

At higher forging temperature450°C) forgings (S2 and S3microstructure homogeneity further
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Figure 28 - Typical LOM microstructure and XRD pole figufes AsCast ((a) and (c)), forged condition S1 ((b) and (d),
forged condition S2 ((e) and (g)), and forged condition S3 ((f) and (h))
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4.3.2. Monotonic and Cyclic
Table 1 summarizes the test results of the investigated sarmjgese 30(a) andFigure31(a) show

the engineering stresstrain response in tensigRigure 4(a)) and compression (Figure 5(a)) for theaess

and forged (S1, S2, and S3) materials in the longitudinal direction.

Table3- The relationship between microstructural, monotonic, and cyclic propertiesaashgnd foged AZ80F Mg alloy.
Tensile properties are presented first, followed by compressive properties in parenthesis.

Forging

Forging

Grain

Gvs (MPa)

. Chai GuLt
D (mrr(:;?nsin) Ten}gce:;ature (ilrzne) Monotonic Cyclic (%) (MPa)
Cast| As-Cast - 178.9+67| 82.2(93.8) | 147.0 (153.5)| 8.5 (15.3)| 234.1 (318.2)
S1 39 350 14.1+0.7| 173.8 (124.5) 14.1 (8.5)| 311.9 (373.0)
S2 39 450 21.8+2.4| 176.9 (111.2)| 258.3 (145.4)| 15.8 (9.6)| 310.6 (366.7)
S3 390 34.4+2.7| 181.7 (69.2) 14.2 (8.3)| 306.1(325.9)

It can be seen that the yield, ultimate strength, and, in some cases, the fracture strain sulistaetaty

following forging. In general, substantial increases in tensile yield stress and fracture strain were observed

in the material after forging. Thiwas coupled with a moderate increase in compressive yield strength,

tensile ultimate strength, and compressive ultimate strength after forging. However, the fracture strain in

compression decreased to some degree in all of the forging conditions. Téasénén mechanical

properties of aforged compared to asast condition is attributed to the grain refinement and texture

intensification that arises from the reorientation of the randomizadsrientation in the asast material

in the direction of dformation once forged. All forging conditions have very similar monotonic

yield/ultimate strengths and hardening behaviours under tension. At the higher temperature (450°C)
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forgings (S2 and S3) a reduction in compressive yield and ultimate strength seageah but the tensile
strength remained similar to all other forged conditions. This trend partially agrees with findings presented
by Kurz et al.[10] for AZ80 die forgings, who also reported a decrease in tensile strength at higher

temperatures.

Figure30(b) andFigure31(b) show a comparison of the cyclic vs. monotonic stségsn curves
for both the agast and forged material in tension (Figure 4(b)) and compression (Figure 5(b)). The cyclic
tension and @mpression stresstrain curves were constructed from the peak and valley stresses for the
stabilized cycle during fatigue testing for each respective strain amplitude. Stabilized cycle is the cycle at
50% of the number of cycles to failure. In generatadeom the forged conditions S1, S2, and S3 follow
the same cyclic tensile stresigain curve. For this reason the fatigue results of the three conditions will be

presented collectively.

The compressive strestrain curves shown iRigure31(a) illustrate evidence of mixed hardening
in the ascast condition and purely sigmoidal hardening behaviour for all forged conditions. As expected
from the randm texture shown irFigure 28(c), the ascast material exhibited nearly symmetric yield
strength in tension and compression, with slip and diffusething being dominant in both directions. In
contrast, the forged material exhibits a very asymmetric yielding response, with the degree of asymmetry
increasing as both temperature and forging rate incréagar¢€32a). Based upon the hardening responses
seen in forged conditions S1, S2, and S3, and the strong basal texture skayund@8(d), (g), and (h)
the deformation mechanism in tension is dominated by basal slip (as the direction of loading is parallel to
the basal plane), and the deformation in compression is dominated by twinning @xtevisaning
activated via extension along theaxis). This sigmoidal behaviour, characterized by three distinct

hardening stages, has been discussed by other resedit3i§s9].

Under cyclic loading, the asast and all 3 forged conditions show cyclic hardening, where the
increase in peak and valley stresses is relative to those of the monotonic results. A$spra30 and
Figure31, the ascast material exhibits very similar cyclic hardening in tension angbission, with the
peak stresses observed in the stabilized cyclic response being 73 MPa higher than those observed in the
monotonic response at and beyond strain amplitudes of 0.9%. The forged material however, shows more
pronounced cyclic hardening imi&on, with the highest degree of hardening occurring at a strain amplitude
of 1.1%, corresponding to an increase of 80 MPa in peak (tensile) stress and 58 MPa in valley (compressive)
stress relative to the monotonic resporisgure 32(b) illustrates the change in yield strengths following
cyclic hardening for both the -@sst and forged material. There is an increase of 62 MPa in the yield
strength of the cast material in tension and compression, and asymmetric increases of 8leMiRanin t

and 34 MPa in compression for the forged material. The asymmetric hardening responses of conditions S1,
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S2, and S3 is attributed to the differences in the deformation mechanism in tension and compression
reversals, induced by the texture intensitien via forging.
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Figure 32 - Summary of (a) monotonic yield strengths and (b) change in yield strengths foltywiiegesting for both the as
cast (black) and forged (red) material in tension and compression.

Figure 33 illustrates the hysteresis loops for the first cycle, and stabilized cycles for both the as
cast and forged conditions at a strain amplitude
of both the upward and downward (i.e. reverse logdiengrsal are very similar in the cast matefédre
33a) for the first and stabilized cycles. The cyclic hardening is also evident from tHeaigrincrease in
peak stresses from the first cycle to the stabilized cycle; this increase is similar in both tension and
compression. The area within the stabilized hysteresis loop represents the dissipated plastic strain energy
density, and is calculed to be 0.5 MJ Min the case of the cast material at a strain amplitude of 0.5%. In
contrast to this, the forged materidtiqure 33(b)) exhibits aninitial response (first cycle) that is
asymmetric, with different curve shapes for the upward and downward reversals, indicative of the
occurrence of different deformation mechanisms. The peak stress in compression evolves only marginally
as the number afycles increase, whereas the peak stress in tension increases considerably from the first to
the stabilized cycle. This indicates vigorous hardening in tension, and only negligible hardening in
compression. In the stabilized cycle the peak stressessioeare about 77 MPa greater than those in
compression, further reinforcing the asymmetric cyclic response of the forged material. As compared with
the cast material, the cyclic plastic energy density of the forged material is 0.3138B% lower),
indicative of a more elastic response at a strain amplitude of 0.5%.

Figure34illustrates the hysteresis loops for the first and stabilized cyclessfastdast and forged
materials for a high strain amplitude (1.0%). Similar to the observations at a 0.5% strain amplitude, at 1.0%
the ascast material exhibits cyclic hardening with the peak stresses increasing both symmetrically and
considerably up to #hstabilized cycle, with only a marginal disparity in the peak stress in tension and

compression observed in the stabilized cycle. In the forged material, the asymmetric response is even more
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pronounced at a strain amplitude of 1.0%, with the peak sttbiiénsile stress being 114 MPa greater than

that observed in the downward reversal. Cyclic hardening is now observed in both tension and compression
in the forged material as the peak stresses both evolve over a cumulative number of cycles; however, the
hardening is much stronger in tension than in compression. Both materials exhibit significant plasticity at
the higher strain amplitude of 1.0%, as the cyclic plastic energy density of the stabiizeti asd forged
responses are 2.0 MJ fand 1.55 MJ ¥, respectively. Furthermore, the trends in the level of asymmetry
observed in the monotonic response also occurred in the cyclic response of the forged material, but not in

the cast material.

The asymmetric cyclic response in textured HCP Mg alloysgheh strain amplitudes have been
attributed to detwinning and stigominated deformation in tension, and twinndwminated deformation
in compression when loading is in the direction perpendicular toales{59], [74]i [76]. The downward
reversal of such materials is characterized by a lower yield strength (as illustrated in forged conditions in
Figure32(a)) followed by a hardening plateau, which is observed in all forged conditions in this study. The
extension twinning deformation process observed in compression is fatilitate reorientation of the
crystal lattice by 86.3towards the direction of loadirj§9], subsequently putting a large proportion of unit
cells in an orientation that is favourable to detwinning upon reverse loading, as the loading axis is now
almost aligned with many of these newlyaiéented unit cells, again activating extension twinning in the
successive upward (i.e. forward loading) reveiga][42][69]. However, this twinningletwinning process
is only slightly reversible in nature and detwinning is typically exhausted prior to the end of the reversed
tensile loading. This is accompanied by a sharp isergahardening rate, and consequently a higher tensile
peak stress (relative to compressive peak stfg8%) The shape of the upward reversal response in all
forged conditions (especially in the stabilized cycles) shows strong evidence of this aforementioned

behaviour, further supporting the concept of texindriced asymmetry.
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Figure 34 - Axial cyclic behaviour of AZ80 at a strain amplitude @f% (a) ascast and (b) forged samples

ascast ad forged materials at strain amplitudes of 0.5% and 1.0%. As expected, higher strain amplitudes
correspond to larger plastic strain components. Furthermore, there is a decrease in maximum plastic strain
with number of cycles for both materials and atsathin amplitudes, supporting the cyclic hardening
observation discussed earlier. It can be seen that the plastic strain observed in compression is similar
between the asast and forged materials; the only difference being a higher number of cyclésrifai

the forged material. This is due to the similarity in the cyclic yield and flow curve as depicted by Fig. 5b.
However, in tension, there is a stark contrast between the plastic strain ottst asd forged materials

(Figure35). At a 0.5% strain amplitude, the forged material exhibits 39% less plastic strain thaicdise as

Figure35shows the plastic strain response vs. number of cycles throughout the fatigue tests for the
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material. At a 1.0% strain amplitude, this difference decreases to 25%, but is still considerable, confirming
a higher elastic response and higher cyclic yield strength in the forged material. This difference in the plastic
strain observed in tension cae tirectly attributed to the exhaustion of detwinning in the upward reversal

and the associated sudden increase in hardening rate and peak stress, as previouslhy@§cussed

Figure 36 shows the evolution of mean stress vs number of cycles for various strain amplitudes.
For all strain amplitudes of the-aast material, a negligible amount of mean stress develops. In contrast,
in the forged material, a significant amount of mean strasgifnig from 1555 MPa) develops, with higher
mean stresses being typical of larger steamplitude fatigue tests. These findings are similar to those
discussed earlier (e.qg., [27] for AZ31B rolled sheet). The forged material responses are charactarized by
fairly consistent increase in mean stress, which reaches a maxima prior to failure. The peak values of mean
stress for the forged material are 30, 44, 48, and 57 MPa at strain amplitudes of 0.3%, 0.5%, 0.7%, and
1.0% respectively. The increase in mearss occurs at a proportion of the total life of the material; this
increase ranges from 280% depending on the strain amplitude. At{stnain amplitudes (0.3%) the peak
mean stress occurs at a cycle count equivalent to 20% of the number of cyclesinegcause failure. At
higher strain amplitudes (1.0%igure36) a higher proportion of cycles (close to 75%) of the total life is

required to redt maximum mean stress

Figure 37 shows the stabilized cyclic response for the (adam$ and (b) forged materials at a
variety of strain amplitudes. Ehe is apparent symmetry in the-aast material cyclic response, and
hardening behaviour analogous to that observed in the monotonic response (evidence of predominantly slip
in tension and weakly mixeshode hardening (slip and diffuse twinning) in compi@s). In contrast, the
forged material Figure 37(b)) shows asymmetry with a sigmoidal downward reversal shape and a
pronounced shift in hardening Heeviour in the upward reversal. This upward reversal response is not
observed in monotonic tension as the strain history plays a role in the deformation mechanism, i.e. the first
cycle, which starts in tension, shows a response identical to that of thmomiontest. However, the
stabilized response has a high propensity to detwin in the upward reversal due to the reorientatien of the ¢
axis resulting from the extension twinning experienced in the previous downward reversal. This
phenomenon occurred reghass of forged material condition or strain amplitude, though evidence of it
was more pronounced at higher strain amplitudes. The observation that the texture intensification due to
forging results in an asymmetric response in both a monotonic and cyelieemis supported by previous
work on other textures, and on material processing methods of various wrought M{24l]pj25], [42],

[53], [55], [59], [61], [74], [78]
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4.3.3. Fatigue Life

Figure 38 shows the straitife (3N) curve obtained from straicontrolled fatigue testing of the-as

cast and forged samples. The data points represent all of the test results, which were conthetasl on
cast and forged material. The dashed lines represent the-®affison curves for both material types. The

forged material has a longer life across all strain amplitudes compared to the cast material. The

improvement in life as a result of forgingnges from a factor of approximately 2 times greater in the LCF

regime at a 1.4% strain amplitude, to 5 times greater in the HCF regime at a 0.3% strain amplitude. The

tests that did not fail after 18 y c | e s

figure.

Also shown are the stabilized responses for theaas and forged materials at strain amplitudes of

ar e

consi

der ed with antagow intha n

out ¢

0.3%, 0.7%, and 1.4% plotted on the same axis of engineering stress and strain to facilitate a direct

comparison between thee The downward reversal response is similar (in terms of peak stress) between the

ascast and forged materials; however the tensile peak stress in each hysteresis loop is much greater in the

forged material. It is well known that a tensile mean stresexlaibited by the forged materials in this

study, has a detrimental effect on fatigue [&€]. This implies that the forged material would exhibit a

shorter life because of the presence of positive mean stress. However, the plastic energy density or cyclic

energy (area inside the hysteresis loop) is also considerably lower in the forge@dlnfateall strain

46



amplitudes, indicative of a lesser extent of incurred damage per cycle and a corresponding increase in
fatigue life.
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Figure 381 UN curves for agast(black) and forged (red) AZ80 Mg alloy obtained at strain amplitudes between 0.1 and 1.4%
4.3.4. Fracture Mechanisms
Scanning Electron Microscope images showing the macroscopic features of the fracture surface of the

fatigue specimens are showrFigure39(a) and (c). All samples exhibited fatigue crack initiation (FCI) at
the specimen surface. The-@sst material Kigure 3%(a)) exhibits a fracture surface with a faceted
morphology, substantial cleavatjke terraces, and widespread macroscopic striations of varying
orientations. These distinct featurdsw evidence of mixed deformation dominated by slip over a large
portion of the area. The random facet orientation is indicative of varying crystal orientations associated
with the randomized texture of the-emst material. Terrace edges appear to casrebspvith grain
boundaries, as they demark thresholds of varying metdation orientations. The propagation zone is also
comparatively rough relative to the forged sampigire39c). In contrast, the forged sample exhibited a
distinct FCI with radially branching beach marks and a large propagation zone, which is much flatter and
more stable than the -aast condition. The final fracture zone is |l@thiopposite to the FCI location,
indicating stable crack propagation in a direction approximately perpendicular to the initial fatigue crack
propagation direction, as is typical with R% straircontrolled fatigue testing. Guei al.[17] investigated

the fracture behaviour of casbmogenized AZ80 Mg alloy that was processed vidtirdirectional
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forging. They observed that cracks initiated at the brittle;Mg. particles, and then propagated and
coalesced along grain boundaries [15]. Crack initiation tends to occur at the brittle second phase particles
in AZ80 Mg alloy [20][14][9]. The presence of dimpled final fracture sed morphology is the main
characteristic differentiating the forged from thecast conditions. The depth of the dimples is an indicator

of ductility, with deeper dimples occurring as a result of more plasticity. Xéorad.[20] observed that
dimplelike features were evident in the final fracture region of rolled AZ80 fatigue specimead,itea
direction perpendicular to theaxis (the LD orientation of fatigue samples in the forgings presented here
is also orthogonal to theaxis). This agrees well with the more ductile tensile monotonic response of the
material following forging. The final fracture zone surface morphology is showigure39 (b) and (d).

The ascast material (b) shows some evidence of ductility, as well as dendrieuteaorphology with a
faceted structd. The forged sample (d) showed more evidence of ductility, including a surface morphology
with pronounced dimpling, and a terrddes structure supporting the observation of more plastic fracture
behaviour.

NS

" L =

Figure 39 - Fracture surfaces of the a=st ((a) and (b)) and forged conditions ((c) and (d)) for samples tested at a strain
amplitude of +f 0.3%. Ascast sample fractured at 15, 644 cycles and forged sample at 66, 171 E@ileenotes the fatigue

crack initiation location and arrows denote the approximate propagation direction. Images (b) and (d) show a detailed view of
the surface morphology in the final fracture (FF) zone.
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4.3.5. Fatigue Life Modelling
To quantitatively compare the damage incurred during cyclic loading in wrought Mg, numerous fatigue

damage parameters, including stress, strain and ebasgpd parameters, have been propfiei{b3]. As

exhibited inFigure 30, some forms of AZ80 may display perfectly plastic cyclic behaviour, post cyclic
yield, or even cyclic softening, since within an arbitrary range of applied strain amplitudes, the stress may
remain constantranay decrease. While successful attempts have been made to model fatigue life of Mg
alloys using stressased damage model (e [$3] for hotrolled AZ31B) in general stressasel fatigue

models are not ideal as they cannot accurately capture fatigue damage inflicted under these ranges of
deformation conditions. The objective of the following is to investigate the suitability and accuracy of
existing strain and energy based modelpredicting the fatigue life of AZ80 &sst and forged material.

The strairbased critical plane SWT model and energy based Jate@ni models are examined here.

The SWT parametdb7] was initially formulated to account for the mean stress effect during fatigue
loading. Modified versions of this model\wbeen extended for use in multiaxial life predictions of Mg
alloys using a critical plane method with good suc§&3ks The SWT parameter is related to fatigue life in

terms of four different material constants:

n|$

The termw- represents the principal strain range;  repreents the maximum stress on the plane of
principal strain, and E, the modulus of elasticity (in the case of Mg E=44 GPa). The-IZaffson
constants on the right hand side of the equation were extracted frorcstmaiolled test results, as shown

in Figure40(a) and (b), and are summarizedTiable4. The symbols shown represent the experimental
data extracted from the stabilized hysteresis loops for both #tesaand forged material, and the dashed
lines represent a fit to the elastic and plastic parts of strain. The elastic part of the siswamnalculated

fromY-  Y,j 'O, and the plastic strain range was obtained ffom Y- Y- . Figure40(c) shows

the calculated SWT parameter faogth the asast and forged material fatigue data as a function of cycles

to failure. Both the asast and forged materials can be expressed using pawdits, albeit with unique
constants for each material. This implies that the SWT damage paraondter forged material is higher

than that of the cast material. This is expected as the maximum normal stress is higher in the tensile peak
of the stabilized response in the forged material than in the cast material at an equivalent strain amplitude.
Using the parameters given ifable 4, the fatigue life was predicted for both thecast and forged
materials, and is plotted versus the experimentalitifFigure 40(d). The solid diagonal line denotes a
correlation match between the predicted and experimental life, and the dashed lines repredsrihabu

envelop deviation from this match by a factor of 2. The vast majority of life estimations fall within these
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bounds of a factor of 2, with almost equal numbers of data being under and over predicted. For both the as
cast and forged materials, th€E regime seems to be conservative in its prediction, and trends towards
slightly nonconservative in the HCF regime. One of the reasons for conservative predictions in the LCF
regime is that the stabilized responses are used as model inputs, and fiasihtgrcyclically harden,

the stabilized cycles are more damaging than the initial ones (as the peak stresses are higher). Since the
Aitransi ent 0 phas-aeglgible poraon df éhe lifenfay the LEF ragime,aaproportion of

the cycles eperienced by the experimental samples undergo slightly less damage than predicted, as their
peak stresses are lower. This is, however, a minor discrepancy and the assumption that the stabilized
response is used is widely accepted in the literature. THicte® of determination is R= 0.94 for the

ascast prediction, and?R= 0.98 for the forged material prediction.

Table4 - Coffin-Manson parameters for SWT model for cast and forged AZ80 Mg

ID ° b P c
(MPa)
As-Cast | 479.6 | -0.141| 0.2714| -0.577

Forged 598.4 | -0.131| 0.3395| -0.576
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Figure 40 - Strain-life data used for extracting Coffiklanson constants in (a) &sast and (b) forged AZ80 Mg; (c) SWT damage
parameter evolution with number of cycles to failure for botboast and forged AZ80 Mg; and (d) the correlation between-SWT
predicted féigue life and experimental life for both-aast and forged AZ80 Mg

Energybased fatigue damage models have been used by many researchers for modeling the fatigue life
of Mg alloys, e.g., Parkt al.[59][80] in rolled AZ31, Xionget al.[20] for rolled AZ80, Jahe@t al.[56]
for many different Mg alloys and conditions, and Albinmoersal.[81] for AZ31 under multiaxial loading
to predict the fatigue life of wrought Mgays. In this study, the JV mod@?2] is utilized. The significance
of this life model is in the evaluation of the fatigue material constants from elifergyrve. In this model,
the total energy density is implemented as a damage parameter and is comstitigtethstic and plastic
components. The plastic component is defined as the area enveloped by the stabilized hysteresis loop and

the elastic component is defined as the following equf®sh
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w0 o

C
where,, is the peak teiilg stress. Adding the positive elastic strain energy density, the mean stress
effect is also taken into account in this mo@3] and subsequently the energy damage pararaet@s
related to fatigue life via an analogues equation of similar form to the @d#ison equatiof82][84],

wherew Qs the strain energy density:
w0 O ¢b O ¢ o

CoefficientO correspond to thfatigue toughness ai@l is the fatigue strength coefficient. Expone@ts

andB are the fatigue toughness and fatigue strength exponents, respectively. The constants in the above
equation are extracted from the strain energy density life curves e seRigure41 for the ascast and

forged materials, and those parameters are summarized bel@blab. The same fatigue data extracted

from the set of tests performed in this study used in the diesed prediction results Figure40are used

in calculation of these enerdpased model parameters. The symboEigure41(a) and (b) represent this
aforementioned fatigue data, and the dashed lines represent the fits to elastic and plastic portions of the
energy densityrigure41(c) shows the calculated energy damage parameter for bothdhetamnd forged

material fatigue data as a function of cycles to failure. Both theastsand forged materials cae b
expressed using very similar curves, as the data points almost consolidate onto one single curve. This can
be attributed to the competing effect forging has on the magnitude of elastic and plastic components of the
damage parameter. For a given straiplktonde, the forged material has a higher tensile peak stress causing
the elastic energy to be higher, and less enveloped within the stabilized hysteresis loop area, resulting in
less plastic energy. As a result, the total energy remains almostngechér a given life in botlascast

and forged materials.

Using the parameters ifiable 5, the fatigue life was predicted for both thecast and forged
materials, and is plotted versus the experimental liféigire 41(d). Almost all the life estimations fall
within these bounds of a factor of 2,tlvialmost equal numbers of data being under and over predicted.
The coefficient of determination iR 0.95 for the agast prediction, and®: 0.99 for the forged material

prediction.

Table5 - Energybased parameters for thiahedVarvani model for cast and forged AZ80 Mg

Ecd Ei®

D amdy | (mame) | B =
Cast 3.5861 68.39 | -0.309| -0.555
Forged 7.9094 758.6 | -0.304| -0.836
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4.4.Conclusions
Uniaxial quasistatic and fullyreversed fatigue experiments were conducted at various strain

amplitudes, ranging from 0.1.4% of bothascast and forged AZ80 Mg alloy. The effects of various
forging parameters (temperature and deformation rate) on thesjatsiproperties were investigated on

a comparative basis. Based on the results the following conclusions can be drawn:

1. Microstructural analysis showed that AZ80 Mg alloy in theast condition possessed a microstructure
consi sting -phése gnd ialamanivin | ¢-phasd while the forged material showed a
recrystallized microstructure, with smaller, equiaxed graihe.dscast material showed a random texture,
leading to nearly symmetric properties invariant of material direction. The thermomechanical history
imparted to the material via forging resulted in a texture intensification and a rotation of the crystaitbograp

cells to align with the loading direction during forging.

2. Texture intensification due to forging results in tensiompression asymmetry in both the monotonic

and cyclic responses. The forged material exhibited substantial increases in stredgtibilydespecially

in tension, with the benefit of compressive properties being somewhat masked by the twinning deformation
mode, which requires lower stress to be activated and becomes prevalent following texture intensification.
The monotonic tensileests showed that AZ80 in the forged condition had considerably higher ultimate
strength and ductility relative to the-east alloy. After forging of asast AZ80, increases in ultimate tensile
strength from 234 MPa to 312 MPa in tension, and from 318 kP373 MPa in compression were
observed. The fracture strain increased from 8.5% to 15.8% in tension, and decreased from 15.3% to 9.6%

in compression after forging.

3. The cyclic responses of AZ80 differed significantly between tHuasisand forged matial. The shapes

of the stabilized hysteresis loops of all the forged conditions varied from that of¢hstasaterial, with
differences being especially marked in the tensile regime, with pronounced tensile tips and higher peak
stresses, in the forgadaterial. The unique characteristics of the cyclic response are governed by key
differences in the mechanisms that control deformation. At strain amplitudes at which appreciable plasticity
occurs, the asast material exhibits predominantly slip deformatin the upward reversal, and marginally
mixed-mode in the downward reversal. In contrast, the forged material exhibits twinning in the downward
reversal and detwinning, followed by slip, in the upward reversal, regardless of the forging condition. This
unique characteristic of the cyclic deformation mechanism in the forged material is the primary source of

the observed asymmetric response.
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5. Once forged, the AZ80 Mg alloy exhibits superior fatigue properties relative to¢hstanaterial under
straincontrolled testing over the entire strain range investigated in this study. The improvement in fatigue
life as a result of forging ranges from 2 times greater in the LCF regime, to 5 times greater in the HCF
regime. This improvement was observed in thegdd material despite the development of significant

tensile mean stress.

6. The fracture surfaces of-aast samples were characterized by a teflikeefaceted morphology,

whereas the forged conditions exhibited a more didikdefracture surface, indative of greater plasticity.

7. The JV energypased model and SWT critical plane model give reliable fatigue life predictions-for as
cast and forged AZ80.
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5. Low-cycle fatigue characterization and texture induced ratcheting behaviour of
forged AZ80 Mg dbys

Following theinnovativediscovery level
Low-cycle fatigue characterization and texture induced ratcheting behaviour

of forged AZ80 Mg alloys P
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knowledge outlined in chaptdrsurroundinghe
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characterization of forged AZ80 Mg alloy, this

chapter builds upon this aforementaoh

foundation which has been laidore complex

ARTIGLF INFO

facets of the material characteristics are

investigated, specifically those that will
illustrate themselves under a stressitrolled

loading history. This spectrum lfading

histories investigatedere intentionally selectec
for this experimental campaign based on
requirements from the engineering application
The service loading history was investigated
and the most damaging fatigue loadcases wel

selected for the basis of the stress amplitude

viaterloo.ca (A. Grygue)

selestions made here. Furthermore, as discussigure42-A . Greyab u Ifi cysleviatigue characterization ar
texture induced ratcheting be

in chapter, since pronounced asymmetry J. Fatigue, vol. 116, pp. 42838, 2018.

results in much higher tensile cyclic stresses in the forgey atider a fully reversed strain controlled

loading history, comparison of tieN behaviour may naadequately contrasite differences between

both base material and forging conditiohlBus stressontrolled (SN) fatigue tests were performed to

betterillustrate the differences in the cyclic material characteristics between all the investigated

conditions. This experimental campaign focused on comparing the cyclic behaviour of forged AZ80 Mg

which was processed starting with two different base matmraltions ascast and asxtruded.

Furthemore, the style diorging investigated in this chapter was intentionally made to be more complex

and more multdirectional for multiple reasons. Firstly, to highlight the imgtions which varying the

local themomechnaical historghroughout the cross section of the forging has onetkteire,cyclic

response, and consequently the associated fatigue life. Secondly, and more pragmatically, to facilitate

creati on dfeaanot vt pyipea Ic r folhich isvery common & btruguralccémpdnents

requiring high bending stiffnress.ur t her mor e, since this style of for

i mpl ementing Aflashlandso which restricta materi al

higher quality forging with less internal defects typically results, aligning with fulfillment of the objective

of task (i) of this research work.
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Zenneret al.characterizethe cyclic hysteresis in AZ80 extrusion in strain controlled fatigue testing
[64]. However they demonstratéht it differed (particularly in the compressive reversal) to that of the
conventional Amasi ngodo behaviour f oumwhktrethbsrain t est ed
amplitude is gradually imeasedo obtain the complete cyclies plot from a single specimgn
Practically what masing behaviour means is that the ascending reversals of hysteresis loops obtained at
different strain amplitudes are the saie. the stabilized cyclic responseitlis found can be
characterized by an inner curve (cyclic stress strain curve) and a closed outer loop (hysteresis loop). They
also found that in similar Mg alloys in the AZ family, masing behaviour was only found in cast materials,
not extruded (which dxbited cyclic hysteresis which varied significantly in the compressive reversal
from thatd-# curved obtained via IST). They attribute this lack of masing behaviour in the extruded Mg
alloys to pronounced anisotropy in the material behawwbthie wrought alloysHowever they do
explicitly mention that they expect pronounced asymmetry in the extruded alfmitbatthis link

between texture, asymmetry and material behaiasmot been adequately explained in their work.

This knowledge gp highlighted by Zenneat al.invites avaluableopportunity for future work and
key contributions which are addressed here in the journal article outlined in Chapthis thesis. The
phenomenon of ratchetiragn practically be described as the shiftingelaslution of the stresstrain
hysteresis loop along the strainafds].1 n t he context of this thesis, t
istrai n r acteeptatehetinghanddenpteshetevolution of mean strain under an imposed
stress controlled loading history. Conventionally, ratcheting is most pronounced under a positive mean
stress (R> -1) however in the experimental campaign discussed sigreficant ratclting was
observecevenunder fully reversed loading (R -1). The link between the ratcheting behaviour of the
material and its texture is discussed. Under cyclic stress controlled loading, AZ80 Mg exhibits ratcheting
behaviour to varying degrees whiate alependent primarily on the texture intensity and the materials
propensity to twin in either the tensile or compressive revesatgher key contribution here is that the
material behaviour of forged AZ80 Mg is a function of the loading history, sathite directionality of
the initial yielding has an effect upon the subsequent material response. These two contributions are built
upon the foundation of Zenners woikcorporating both loading history and material texture as
fundamental links betweehe structure/property relationship and resulting material behavidese
key contributions align very well to satisfy the research objectives 1 thru 4 for uniaxial stress controlled

loading paths.

The following journal article published in the Interipaial Journal of Fatigue (July 2, 2018) has been
presented exactly as published, with the exception of modifications made for harmonizing references,

table and figure numbers to integrate into this larger thesis docutneatsion of this work was also
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presented at the International Conference on Structural Integrity and Durability (ICSID) in Dubrovnik,
Croatia in August of 2017.

5.1.Introduction
There has been a strong motivation to increase fuel efficiency and decrease emissions in the automotive

industryover the past several decades. Implementation of lightweight materials in structural applications
are at the forefront of this effort, as this strategy can improve vehicle efficiency, longevity, and performance.
Magnesium (Mg) and its alloys have signifitgoromise in this area, with widespread applicability in
fatiguecritical components, such as suspension control arms, since they are the lightest commercially
available structural metal and their cyclic properties are similar to those of the heaveecomeentional
materials used in industfg5]. The focus of theresent study is to examitiee effect that closed die forging

has on the monotonic, stress controlled cyclic behaviour and texture induced ratcheting of AZ80 Mg.

Although there has been some limited work done orfatigue behaviour of the AZ family of Mg
alloys[27], [59], [64], [86] [91] virtually all of it is focused on cast, extruded or rolled varietied not
material processed by means of warm forging. Alongside this, many researchers have focuskijlon the
temperatureleformation behaviour of forged AZ80], [10], [11], [17]1[19], [22], [24], [28], [29], [31],

[32], [36]i [41] however little to no work had been done in the past on the characterization of forged Mg
alloys. More recently, extensive work has been done thus far on the pioneering oecizargdorged Mg

[69], [92]i [97] especidy its fatigue behaviour. Het al.[98] explored the influence of thaitial billet as

well as die geometry (opetie vs. semtlosed) for a large AZ80 Mg component forged at 380°C. They
found that with an opedie confguration over 32% of the final forging had an effective strain of less than
0.5 with large spatial variation in the strain indicating that a considerable part of the final component had
not been sufficiently deformed to achieve the full benefit in matpragerties. However when utilizing a
semiclosed die for the same forging only 3% of the final component had an effective strain of less than 0.5
indicating that virtually all of the forging had been evenly and sufficiently deformed. Furthermore, they
staed that the sentlosed die forgings had an even and refined microstructure with virtually no material
anisotropy in tensile properties between the longitudinal and transverse directions within the forging. Wang
et al.[99] investigated the microstructure and mechanical properties ehoagigenized AZ80 that was
opendie forged at 8 mm/sec at temperatures ranging frorPdRORC and equivalent strains of @B5%.

They found that with increasing levels of equivalent strain the forged material exhibited higher tensile
strengths and ductility, while the more ductile properties favoring higher forging temperatures. They also
foundthat the maximum tensile strength was achieved when forged at 250°C at a maximum induced strain
of 265%. Previous work by Grygut al.[95] investigated the monotonic and cydiiehaviourof as cast

and casforged AZ80 Mg in a simple open die configuration at 350°C and 450°C forging temperatures and

rates ranging from 0.66 mm/sec. It was found that the mechanical properties are much more sensitive to
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forging temperature than forging rate and that even with an open die configuration the final component had
been sufficiently deformed to have almasiyf recrystallized and not exhibit any similarities to the base
materials castlendritic microstructure. Furthermore, it was found that once forged, the material developed
appreciable texture which was very different from that of the randomizemsaméerials texture, and this

texture development influenced the mechanical response in both static and fatigue testing.

In this study, the effect of base material condition on the tensile/fatighaviourof AZ80 was
examined in detail in a closed die fargiwith highlythreedimensionamaterial flow. Furthermore, the
spatial variation of mechanical properties throughout the forging was investigated and a texture and
microstructural link to these propertiegreestablished. Furthermore, a correlation lestavthe materials
local texture and the mean strain development in the cyclic response is discussed. Results frem a fully
reversedstresscontrolledfatigue test in the loweycle regime are presented. Enelipsed fatigue models
were used predict the fatigue life of cast, extruded;foaged and extrudetbrged AZ80 Mg, and their

accuracy was also examined.

5.2.Experimental
The material used in thiavestigation was commerciaipvailable AZ80 Mg alloy in the forms of cast

and extrusion (8.0 +0.2% aluminum content, with other elements composition as per ASTM B91
standard). The material was received from Magnesium Elektron North America Incfamthef ascast

and extruded billets in the -fabricated condition. The dimension of thecast billet are 300 mm in
diameter and a length of 500 mm, while the extruded billet was a diameter of 63.5 mm and a length of 121000
mm. The forging of the asastand extruded material was conducted at CanmetMATERIALS (Hamilton,
Canada) using the billets having dimension 63.5 mm, 65mm long. The asast billets were machined

from the 3006mm diameter AZ80 casting, and theeadruded billets were simply cut tength prior to
forging. All forgings were carried out on a 5@h hydraulic press with a profiled upper and lower die
with an Fbeam shaped internal cavity. A typical forged part produced by these dies is shoguréd 3.

The billet and tooling were heated separately t6@76r sufficient time to allow any thermal gradients to
decay. The orientation of the billet to the press was such thatdiae direction was along the direction of

the press stroke (i.e. tigrectionof forging was parallel to the radial direction of the billet). Forging was
carried out in a single step at a displacement rate of 20 mriigece43illustrates a forgings conducted

at 375C and 20 mm/sec. The forging direction (FD) is normal to the web face, witlortgiudinal
direction (LD) being parallel to the axa$ the flanges and transverse direction (TD) being perpendicular to
flange axis. In thémage(b) a red rectangle denotes the interface between the forged component and the
flash region. Everything internal to the denoted rectangle is considered atharfafjing and everything

external is considered Aflashod or scrap materi al
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Figure 431 (a) schematic of AZ80 Mg closed die forgings with asymmeb@ain cross section conducted at (b) ®7&and 20
mm/sec ram speed prior to trimming off the flash extruded then forged.

The metallographic samples were prepared following the standardiagetphic techniques
outlined in ASTM E311 with acetiepicral etchant similar to that used by Roostatial. [61]. The
microstucture was observed using a light optical microscope (LOM) and a scanning electron microscope
(SEM), coupled with energglispersive Xray spectroscopy (EDS). The averagain intercepmethodis
used to quantify thgrain size according to ASTM E112.

The texture measurements were performed on polished samples uBmigea D8Discover
equipped with ¥ ANTEC-500 area detector, with a radius of 135 mm and usingQu r adi ati on at
and 40 mA During the measurement, the incident beam and the detecoe r e pl aced at a fi
40°. The collimator size was 1.0 mm. The sample was mounted on the motorized stage, which was oscillated
at an amplitude of 1.5 and 2.5 mm, and a speed of 3.5'mang 5.5 mm's for the X andY axis,
respectively. The samples were tilted between 0 and 75°, with a step of 15° consider€iszathevhile
the sample rotation, known asscan, was between 0 and 360°, with a step size of 5°. The sample was
scanned for 20 s at each orientatione Trebyé Scherrer diffraction rings were collected using the area
detector in a D diffraction image. Then, the incomplete pole figures for the {0002}p0}0{10p1},
and {1p02} planes were extracted from the diffraction rings. The complete pole figareghen calculated
using the DIFFRACSuite Texture software.

Tensile test samples with geometries according to Roattaéi61] and a 4 mm thickness were
extracted from the a®ceived billet and closed die forged samples. Theaas samples were extracted
from a location within the billet where the middle of the gauge section was at 70% of the billets radius. The
extrudedsamples were machined along the extrusion direction and from a location where the middle of the
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gauge section was at 50% of the billets radius. There were 15 test samples that were extracted from 15
different locations throughout the closed die forgingt{aling their axis parallel with the LD direction),

as shown irFigure44 (d). These samples were later utilized for qisdatic and cyclic testind.he quasi

static tensile tests were performed according to ASTM standard E8IB&8Mising an MTS 810 Servo
Hydraulic test machine operating in displacement control mode with a displacement rate of 1 mm/min.
Strain measurement was accomplished using a @BMMIS 3D 5MP DIC system. The average strain

rate within the gauge section of measurement wag B.4E¢.

The fatigue tests were performed as per ASTM Ed& 6 an ambient environment usiag MTS810
ServeHydraulic test machine operating in stresatoal mode at a frequency range of 0.1 Hz to 30 Hz
depending on the stress amplitude to maintain an approximately consistent loading rate between all tests.
The strainvas measured throughout the first 10,000 cycles wmingTS632.26 extensometer witdn 8-

mm gauge and travel of £.2-mm until stabilization of the cyclic hysteresis loop was achieved. The tests
were conducted at a zero mean stress (i.e5 RL, fully reversed stress cycle) and stress amplitudes of
between 140 MPa and 190 MPa. The faileniteria for the testarereconsidered to be final rupture of the
specimen gauge section. The fracture surfaces after tensile and fatigue tests were examined using SEM
techniques (FEI Quanta FEG 250 ESEM with EDX).

5.3.Results& Discussion

5.3.1. Microstructure and exture
Table 6 highlights the relationship between microstructural, monotonic and cyclic properties of as

received (agast and as extruded) and falgeCF: Cast Forged and EF: Extruded Forged) AZ80. The
conditions for forging were the same for both CF and EF at a forging temperaturé@©&3a8520 mm/sec

of ram speed. The grain size is quite uniform throughout various locations of-teeea®d bilets;
however, there is notable spatial variation in the microstructure through@ubsissectionof the forgings.

As such, the grain size and tensile properties are presented at two different locations within the forging,
location 1 which is considerdd be the top of the tall flange region of the forging and location 8 which is
considered the web region which connects the two flanges. Although beyond the scope of this study, 3D
forging simulation revealed that in the final step of forging, the welpmegas the location that incurred

the most amount of equivalent plastic strain, decaying as moving up the height of the[flaAQy&shis is

due to the complex material flow, which is expected, in a closed die forging of this cross section as well as
the fact that the web region has the most amount of height compression relative to the initial billet diameter.
Grygucet al.[95] characterized the microstructure ofast AZ80ta o nsi st  o-phasp,inwmchr i | vy
aluminiumr i c-phasé® (MgAl1o) is precipitated along the grain boundaries. This agrees with the

microstructure of asast AZ80 observed by Nowt al.[12], the grain morphology of which was very
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similar to that which is presemtén this study, while the average grain siz& (8®um) was slightly more

refined than that observed in this study. Finally, the Rockwell hardness presehiaddeiiis an average

across the entirerosssectionof the forging, however, as one might expect it also spatially varies to a

moderate degree as shown by the contour plots in figligese44 (d) andFigure45 (d). In these contour

plots, areas in red represent the regionshwite highest superficial hardness, and it can be seen that the

web region (location-80) shows the highest indicated hardness in thefeagd material. In the extruded

forged material, the spatial variation of hardness is much lower, and the sstetéegixaggerates any Ron

uniformities, however it can be observed that the lowest hardness is consistently seen at the top and bottom

corners of each flang€igure44 shows a summary of the microstructure, texture and superficial hardness

variation for the cadiorged tbeam forging withFigure44 (a) (b) and (f) show the XRD pole figures for

the basal and prismatic planes for 3 different locations within the forging (the tall flange (Location 1), short

flange (Location 15) and web (Location 8)). FurthermbBigure44 (c) and (e) illustrate the microstructure

for two locations in the forging, the tall flanggdweb, respectively. It can be observed that the basal pole

figure shows somewhat of a randomized pattern in both of the flange locations, however in the web region

evidence of a less random and more intense texture can be observed by the patternahpbke iggire

in Figure44 (f). This somewhat randomized texture, which remains from the pareasamaterial, can

be attributed to nofully recrystallized grain structure in certain regions of the forging as can be seen in

both LOM imagesd ande) where a somewhat coarse grain structure is still evident with little evidence of

partial dynamic recrystallization (DRX) as notedrigure44 (c) and (e).

Table6- The relationship between microstructural, superficial hardness, and monotonic propertiesast,assextrudedand
castforged (CF) and extrudefbrged (EF) AZ80 Mg alloy. Tensile properties are presented first, followed by compressive
properties in parenthesis, where available.

, Rate Tem Location in Grain size Ovs Chail CuLt
Material | m/min) (°c:)IO Billet @m) | TRSOTT (vipg) (%) (MPa)
AsCast| - 70% of radius | 178.9+67 | 27.2 | 92.8 (93.8) 7.4 (15.3)| 220.9 (318.2)
As-Ext : " [ 50%ofradius| 18.0t0.7 | 354 | 1954 113 | 3411 (412.1)

o Tall flange #1 | 37.7¢5.3 | 19.9 | 110.7 7.2 239.8
20 a5 | Web#8 23239 | 269 | 175.0 14.1 312.1

o Tall flange #1 | 17.5¢1.6 | 305 | 226.8 175 351.1
Web #8 15210 | 321 | 2192 20.5 341.3
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Figure44i Microstructural characterization of Cast AZ80 forged at 375and 20 mm/sec. Basal and prismatic pole figures
are presented in locations 7 (a), location 15 (b), and location 8 (f) of the forging. Figure (c) and (e) show LOM images of
locations 1 and 8, respectively within the forging (view in the longitudinatiirg). Figure (d) denotes the spatial variation of
superficial hardness (30T) in the direction normal to ¢hesssectionof the forging. FD denotes forging direction, TD:
transverse direction, and LD: longitudinal direction.

Figure45 presents the same type of information in an identical format to thégwie44 however
for the extruded and forged component. It is well known that AZ80 Mg has significant texture when
processed by method of extrusi®4], and that forging reorients the tes in such a way that theages
of the HCPcrystal structurareparallel with the local forging directidb5], [68], [69], [93) [95]. Thus, it
can be expected that not only will the extrudedyed component have an intense texture, but this texture
will vary throughout therosssectionof the forging and be a function of the local forging direction and the
complex threedimensonal material flow. This expectation is supported by the basal and prismatic pole
figures presented iRigure45 (a) (b) and (f), with relative intefigs that are much higher than those of the
castforged variety and spatially varying intensity peaks that align themselves to the local forging direction.
Finally, the microstructural images Figure 45 (c) and (e) show a much more refined microstructure
relative to that of the casbrged Fbeam with the web region (location 8) having more refined structure
(compared to location 1), which supporte fact that this region of the forging had the higher superficial
hardnes$igure45 (d) and ductility as shown ifable6.
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Figure 45 - Microstructural characterization of AZ80 extrusion forged at ®%nd 20 mm/sec. Basal and prismatic pole
figures are presented in locations 7 (a), location 15 (b) and location 8 (f) of the forging. Figure (c) and (e) show L@d/bimag
locations 1 and 8, respectively within the forging (view in the longitudinaltbréc Figure (d) denotes the spatial variation of
superficial hardness (30T) in the direction normal to ¢hesssectionof the forging. FD denotes forging direction, TD:
transverse direction, and LD: longitudinal direction.

5.3.2. Monotonic and Cyclic
Figure46 shows the engineering stress vs. engineering strain tensile monotonic response for the as

received and forged materials at two different locationtkivthe forging. It can be observed that in

both the CF and EF forgings, the web region has the highest ductility. Furthermore, the EF material
has higher strength and ductility relative to the CF material, and a large increase in ductility once
forged isapparent relative to the parenteagruded material. The qualitative correlation can be made
that in regions with higher equivalent strain imposed by forging (such as in the web region) possess a
higher superficial hardness and superior strength andligutd other regions of the forging,
especiallyin the casforged material. For the extruded forged material, the yield and ultimate strength
are fairly similar to the parent material, however, the ductility is much improved. Future work in this
study B concentrating on lower temperature forgings, and it is expected that at temperatures ranging
from 250275°C a significant increase in strength candgsievedrelative to the parent axtruded

material.
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Figure46- Tersile monotonic engineering stresgain curves for aseceived materials as well as cdstged and extruded forged
conditions in two different locations within the forging. The-tialhge corresponds with location 1 and the web corresponds to
location 8

Figure47illustrates the cyclic stresdrain hysteresis response for thecast and cadbrged materials
obtained during fully reversed (R T 1) stress controlled testing at a stress amplitude of 190 MPa. The
first cycle (reversals 2 and 3) is shown as symbols whereas the stabilized cycle is shown as solid lines.
Figure48illustrates the same information for-estruded and extrudeidrged materials. For the CF and

EF materials the locations within each forging where the cyclic response is presented is denoted in each
caption. It can be observed that in thecast matericthe first cycle is characterized by a very large

amount of plastic strain energy (or area enveloped by the hysteresis loop) and a large evolution in mean
strain over the course of the first cycle (as can be seen by the disjointed tensile peaks$bictubefi
hysteresis loop). This response can be attributed to the weak extension twinning in first tensile reversal
which results in over 4% strain at 190 MPa. Although thesa$ material possesses a random texture, the
weak twinning is caused by sommportion of grains beintavorablyoriented for extension twinning

during the first reversal. Then, in th& and 3 reversalsthe strain amplitude decreases as the material

has already begun to accumulate both twin and dislocation density and tyblecdenThe twin

density is not only a function ofraumberof cycles, it is also a function of the state of stress within each
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cycle as the twinning process is not fully reversible resulting in residual twin accum{@ejofi01].

Thus, the positive mean strain begins to decrease cycle by cycle as the material hardens, this eventually
leading to the stabilized response where the hysteresis looprsessimin compression and tension and
exhibits ~0.5% of tensile mean strain. Important to note is the shape of both the ascending and descending
reversals in the asast material is only slightly sigmoidal as the twinning and detwinning process are
diffuse, and only occur to grains which posskssurableorientation within the materials randomized
texture. The cadbrged material, however, exhibits a response with much fewer plastic strain energy, due
to the fact that the strain required to achieve 1%&aM tension is much lower in the céstged material

as can be observedHigure46. Furthermore, as presented in previous stUyéisls there is pronounced

yield asymmetry in the castrged AZB0, more specifically the compressive yield is lower than the

tensile, which manifests itself as a large strain range required to achieve 190 MPa in compression in the
2" reversal. This results in a significant compressive mean strain in first cycle aanithues as the

material cyclically hardens to the stabilized response of thdargstd material.) It can be seen in the
castforged materials downward reversal of the first cycle that the reverse yielding is very sharp indicative
of prominent compresge twinning due to the intense texture and associated large proportion of grains
with afavourableorientation for extension twinning in compression. This sharp reverse yielding is
characteristic of a large proportion of grains which twin to accommodatgeformation, Following this,

a very sigmoidal ascending reversal occurs due to the vigorous detwinning which[@6Euks the

castforged material cyclically hardens the plastic strain energy decreases as can be observed by the

comparatively lower enveloped area by the stabilized hysteresis loop.
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Figure 47 - Theaxial cyclic behaviourof ascast and casforged AZ80 at a fully reversed stress amplitude of 190 MPa. Forged
samples were taken from location 3 inali
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Figure48 depids the hysteresis loops for the first cycle and the stabilized cycle for the extruded and
extrudedforged material for a stress amplitude of 190 MPa. Due to the higher strengths of the extruded
and EF materials (relative to the@ast and CF varieties)) generalthe plastic strain energy is always

less for an equivalent stress amplitude. Both thexérsided and EF materials display a similar first cycle
response to that of the CF material, characterized by a very sharp reverse yielding due to extension
twinning in compression followed by a vigorous detwinning process in the ascending reversal. Here the
EF material has a much more pronounced reverse yielding in the descending reversal (relative to the
extruded response). As the hysteresis loop presasteds for a sample taken from a web location,

which possesses very intense texture. This intense texture is due to a dominant local forging direction
with the vast majority of grains having a high propensity to exhibit extension twinning in compression
due to their eaxis orientation being normal to the direction of loading. Important to note is the fact that
the material with random texture {east AZ80) has a positive mean strain with a very dynamic mean
strain evolution whereasraaterialwith apprecable texture (CF, asxtruded, and EF AZ80) has a

negative mean strain.

o As-Extruded
As-Extrudedbtabilized
x  Ext-Forged*
— Ext-Forgedtabilized

.p%

Engineering Sress [MPa]

Engineering Strain

Figure48i The axialcyclic behaviourof asextruded and extrudefirged AZ80 at a fully reversed stress amplitude of 180 MPa.
Forged samples were taken from location 10 in the web.

Figure49illustrates the evolution of mean strain amplitude over the course of the cyclic testing. It can be
seen that material with random texture-¢ast) will have diffuse extension twinning in the first reversal
resulting in a large positive mean stram@itude which decays as the material cyclically strain hardens.

In contrast to this, all materials which possess appreciable texture (which haxaxib®@gented in a

direction which is normal to the loading direction, such as the CF, extruded aathgles), do not twin

in the first reversal (as it is suppressed due to unfavourable grain orientation). That is, until the second
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cycle where they twin aggressively, resulting in a negative mean strain being developed. Since this
detwinning process is moreversible in the significantly textured materigl®1], the evolution of the

mean strain is not as dynanais the agast material despite the fact that they also cyclically strain

harden. Important to note that the phenomenon of ratcheting (or accumulation of mean strain with
accumulated cycles) is a direct artifact of the nature-chasMg (or more gendha many randomized
texture Mg alloys) to exhibit kinematic hardening during stress controlled cyclic testing. This ratcheting
behaviouresults in a dynamic evolution of mean strain where the hysteresis loop evolves in such a way

that the mean strain ahges with accumulated cycles.
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Figure497 Mean engineering strain response during stresstrolled cyclic testing for both agceived material as well as cast
forged and extrudetbrged. Casforged response is shown for location 3 and extrefdeged for location number 10 within the
web.

5.3.3. Fatigue Life

SN data for all four material conditiosvebeen presented rigure50. Axial strainwas recorded
only during a subset of all of thetsts in order to capture the cyclic response and to gather the necessary
data to check the applicability of existing enelmsed life prediction models. It can be seen that there is a
large improvement in the @sceived materials fatigue performance®forged, with a larger improvement
coming in the lowcycle regime for the CF material (as there is a large improvement in strength once the
coarse cast microstructure is refined via forging). Contrasting to this, the significant improvement in fatigue
performance is seen in the higlycle regime for the EF material (@& ductility of the materialsnproves
dramatically once forged). For LCF fatigue, the role that the elevated yield strength of thergesbt
material is the dominant factor in the impeonent in fatigue performance relative to theast material.
However for the midcycle fatigue and HCF, the response is virtually purely elastic and the effects of defect
driven fatigue failures become more significant. In general, the extruded andesibrged materials

have superior fatigue performance to the cast and@agd varieties which is to be expected.
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Figure 50 - SN curves for agast and castorged (black) as well as eaxtruded and extrudefbrged (red) 80 Mg. Samples
were taken from a variety of different locations throughout forging, location within forged billet denoted next to datapoint.

5.3.4. Fracture Mechanisms

Figure 51 illustrates the fracture surface for the emsped and extrudetbrged material. Both
surfaces are from samples at stress amplitudes of 190 MPa, which fractured at 2403 cycles and6517 cycl
respectively. The cagbrged surface is from a sample extracted from location 3 in the forged billet and the
extruded forged was extracted from location 10 since both these locations ¢@mwpaablesuperficial
hardness as indicated by previdtigure44d andFigure45d. The casforged surfacekigure51 (a)(c)(e)
exhibits multiple fatigue crack initiatioaa (FCI b
number of large secondary cracks which progress to the interior of the sample similar to that found by Chen
et al.[102]. In contrast to this, the extrudéarged fracture surfac&igure51 (b)(d)(f), exhibits only one
prominent FCI again originating virtually at the surface with no major secondary cracks. Based on EDX
analysis of the FCI site, it can be determined that thefaagtd sample had several of its cracks initiate at
brittle b-Mg17Al 1z intergranular precipitates which were located at the surface and could be either granular
or lamellar in their morphology similar to those found in other investiga{i®@f [103]i [105]. The
granular shape of thie-phase agrees well with observations made by Warey. [99] who found the
divorced eutecti®-phase to be distributed along tbeghase grain boundaries in thecast state, but
following hotcompressionthis eutectic network was broken up into both granular and lamellar shapes. In
contrast to this, the single FCI inetlextrudedorged condition had a few particles AlfsMns compound

that were located about 40n subsurface. Matrix debonding from these brittle particles appears to be the
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cause of crack initiation based on its proximity to the FCI and the intergraacéded morphology of the
fracture surface surrounding these granular partielaphasizingthe brittle nature of that particular
matrix/particle interface. Cait al.[106] highlight the presencef this brittle compound distributed in the
grain interiors and boundaries of extruded AZ&3 the microstructure of their extruded material is very

similar to that which was investigated in this study.
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Element  Weight%
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Mn 41.82
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Figure5171 Final fracture surfaces of the (a) castrged (b) and extrudefbrged conditions for sapfes tested under stress control
at 190 MPa. (a)(c)(eqre acastforged sample (b)(d)(f) are an extruded forged sample. FCI denotes fatigue crack location.
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5.3.5. Fatigue Life Modelling
To quantitatively compare the damage incurred during cyclic loadingpinght Mg, numerous fatigue

damage parameters, including strestair, and energypased parameters have been prop@seld [55].
Depending on the form of AZ80 being investigated the material response may vary between vigorous cyclic
hardenind20], or even cyclic softenin@]. While successful attempts have been made tmduelfatigue

life of Mg alloys using stressased damage model (e.p8] for hotrolled AZ31B), ingeneralstress

based fatigue models are not ideal as they cannot accurately capture fatigue damage inflicted under these
cyclic loading conditions. The objective of the following study is to investigate the suitabiligcandhcy

of existing energybased models at predicting the fatigue life efexeived and forged AZ80 material. The
required material constants (model input parameters) were generated for each material condition according
to the approach utilized in priews works[56], [L07]. The energypased two parameter model similar to

Ellyin et al.[108] and Jahed&/arvani mode[82] is examined here.

Energybased fatigue damage models have been used by many researchers for nhedeliinuie life
of Mg alloys, e.g., Par&t al.[59], [80] in rolled AZ31, Xionget al.[20] for rolled AZ80, for many different
Mg alloys and conditios, and Albinmouset al.[56], [81] for extruded AZ31 under multiaxial loading to
predict the fatigue life of wrought Mg alloys. In this study, the JV m{&®lis utilized to predict the life
of the asreceived material. Recent woj$5] has been done utilizing this model to predict the fatigue life
of ascast and cadorged operdie forged AZ80 Mg with good reliability. Howeven predict the fatigue
life of the closeedie forged material, the twparameter energy based model was utilized, as the data
presented here is from strexmtrolled testing and is not adequate generating the requisite material
constants for the JV model. A comparison of the predicted fatiguedifeth models is also discussed for
the asreceived material. The details of these models and their application to predict the fatigue life of
wrought Mg alloys are described in studies by Roosttal.[109] and Jaheét al.[56] for the JV and two
parameter model respectively.

For the JV model, the enerdpased parameters for cast AZ80 Mg found by Gryefual.[95] in a
previous study are presentedTiable 7. The fatigue life of the cast material was predicted for both the
strain controlled test results presented in the previous study, as well as thesttasked stres results
presented in this current study. Similarly, the fatigue life for the extruded material was also predicted. For
the closed die forged material, a simple two parameter energy based model was used to correlate fatigue

damage and predicted lives aoding to the relation:

ww 60 (4
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WheregWV, is the total strain energy density as defined by the plastic and elastic components and C and m
are fitting constants (not to be confuseddelwi t h t h

In general uniaxial loading, the total strain energy density is defined as:
(*.xb Bn Q- — (5)

Qualitatively Eg. (b represents the summation of the area within the stabilized hysteresis loop (plastic
component) andinge ehasgiycfiiom ohe tensile peak o
componen{p6], [62]. Previous work by Jahest al.[56] suggested that for various forms of wrought
magnesium from the AM, AZ and ZK families, one unique set of fitting constants C and m could be
utilized to predict the fatigue life in both uniaxial and multiaxial loading. Their study however did not
include he AZ80 alloy or forged varieties of Mg. Fitting the fatigue data presenteéidune52a with the
generalized engy-life power relation in Eq. (4 a unique set of fitting constants were found for both the

cast and wrought (extruded, CF and EF) varieties of AZ80 Mg presented in this study. The distinction is
made between the cast and wrought forms in the implementation of this model as their roiarabtru
attributes, texture and mechanical properties vary dramatically, and thus their cyclic characteristics should
follow. Furthermore, Jahed suggested that various forms of wrought magnesium (extrusion, rolled sheet
and rolled plate) can be characteda® the same unique set of fitting constd&6, similarly in this

study, the data for the &xtruded and forged (CF and EF) material was grouped together and considered

all to be of the Awroughto variety.

Utilizing these energy based models, the total strain energy density vsemoihaycles is presented
in Figure52 (a). For the asast samples, the results presented were from a combination of all orientations
(LD,RD,TD) wheeas the asxtruded is only from the extrusion direction. As previously mentioned, all of
the forged material sample orientations were from the longitudinal direction of the forged billet. For all
materials a subset of the results presentddgnre 50 which had strain measurement throughout the test
were utilized for life modelling as it is required for calculation of the energy based parameterfe and li
prediction for both models. For the CF and EF conditions, samples were taken from different regions within
the cross section of the forging, as denoted next to each datapoint (once again corresponding with the

locations denoted iRigure44d).
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Table7 - Energybased parameters for the JV and two parameter models for tba@stsasextruded, as well as closed die cast

forged and closed die extruded forged at 375 deg C and 20 mm/sec.

Two Parameter
_ JV Energy Based Model Energy Based Model
Material = =
EO Ei0 B C C m
(MJI/n?) | (MI/n) (MJ/m?)
Cast[95] 3.5861 68.39 | -0.309| -0.555 | 35.255 -0.467
Extruded 5.4468 | 634.19 | -0.273| -0.962
CastForged _ 40.478 -0.456
ExtrudedForged

As can be observed Figure52b, with regards to the asst material life prediction, almost all the life
estimations fall within the bounds of a factor of 2.5, with almost equal numbers of data being under and
over predited. It can be observed that the dasgjed material has a larger amount of scatter amongst the
data, which can be attributed to the aforementioned spatial variation in mechanical properties throughout
the forging and the fact that the samples were t&ken different locations throughout the same forging.

For the casforged material, location 8 (as denoted by in F&ture52a and b) is considerexh outlier,

as it has a significantly higher total strain energy density for a given life compared with all the other
material varieties. This results in an expected conservative life prediction as both the JV and two
parameter models overestimate théyfs damage for this particular location within the forging. This
overestimation is a direct result of the spatial variation in both texture and monotonic properties that can
be observed ifigure44 andFigure46 respectively. More specifically, the web region (location 8) has a
comparatively different texture and dramatically different strength and ductility in comparison to other
regions within thdorging like the flanges. This spatial variation in properties between the web and
flanges is much less pronounced in the extrefdegied material albeit still marginally evident. Since the
web region of the cagbrged material has a considerably highieength and ductility relative to the other
locations in the forging for which the fitting constants are more representative of, the resulting life
prediction is overly conservative at location 8 for the-fagied material and lies well outside of the
bounds of a factor of 2.5. Excluding this anomaly, the remainder of the life predictions using the two

parameter model are quite reasonable and fall within the bounds of a factor of 2.5.

Figure52c illustrates the fatigue life prediction for theraseived material (cast and extruded) for
both of the models implemented here. It can be observed that for¢hstanaterial, both thevd
parameter and JV energy based models give very similar life estimates, which is to be expected since the
fitting constants were generated specifically for cast material. However, it can be observed that the JV
model gives a more accurate predictiontfa asextruded material as the two parameter model
consistently ives than dideal 0.

predicts higher |
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calibrated using data from all three forms of wrought material (extruded, CF and EF) which can be

considered to be an accurate (albeit more approximate) approach.
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Figure52- (a) JV damage parameter evolution witnamberof cycles to failure for both agceived and forged AZ80 Mg; and
(b) the correlation between two parameter predicted fatigue life and experimental life for retteagd anddrged AZ80 Mg.
(c) the correlation between prediction of two parameter and JV energy based model predictions foetieé/ad material.
Locations within the billet for each forging are denoted beside each datapoint. The dashed lines in (b) ande(bpdedstof
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5.4.Conclusions
Uniaxial quasistatic and fullyreversed fatigue experiments were conducted at various stress

amplitudes, ranging from 140190 MPa of agast, as extruded, castrged and extrudetbrged AZ80

Mg alloy. The effects of various starting microstructuretiexeand thermomechanical history on the quasi

static properties were investigated on a comparative basis. Based on the results the following conclusions

can be drawn:

1.

Following forging, both the ca$brged and extrudetbrged material exhibited an inage in

fatigue life in some instances of up to 15 times for a given stress amplitude. The degree of fatigue
life improvement depending on the processing conditions and the type of base material.

All materials exhibited tension/compression asymmetry toingrgegrees, depending on the
thermomechanical processing conditions. It was discovered that the style ofdilwserying

being investigated had spatially varying properties with texture orientations which varied based on
the local forging directions anntensities which were dependent on the starting texture as well as
the thermomechanical history.

The ascast material possessedamdomtexture and exhibited diffuse extension twinning in the

first reversal of cyclic testing digh-stressamplitudes All of the textured materials cagirged,
extruded and extruded forged possessed sharp texture which resulted in extension twinning in
compression during the second reversal at higher stress amplitudes.

Under fatigue testing, the materials all developed some form of mean strain, with the nature and
magnitude of this mean strain being dependent on primarily its texture intensity and propensity to
twin in either tension or compression reversals. The typeeaain strain (tensile or compressive)
depends upon both the orientation and intensity of the starting texturerotbeal

The texture induced ratcheting and resulting mean strain evolution was most pronounced in the as
cast material and had a sigodint impact on the fatigue life.

Strain energy density was demonstrated to be a good parameter for predicting the fatigue damage
for both cast and wrought forms of AZ80 Mg. Both a simple two parameter and more complex four
parameter Jahedarvani energy bsed models were able to provide reliable life prediction for cast,

extruded and closedie forged AZ80 Mg at a variety of different stress amplitudes.
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6. Multiaxial cyclic behaviour of extruded and forged AZ80 Mg alloy

Conrents lists available o

This penultimate chapter builds upon tt
International Journal of Fatigue
discovery level knowledge, and structur g .
properties relationship that was eéwed in

Multiaxial cyclic behaviour of extruded and forged AZ80 Mg alloy m

Y B. Williams”, X. su®

 ON N2L 361, Canctie

previous chapterdl and 5. A link between the

e W 48124, USA

microstructure and texture and its influence on 1

ARTIGLE INEO ABSTRACT

i

cyclic behaviour and fatigue life has bee

developed for forging geometries that range frc

simple unidirectional forghg to complex multi

directional forging with spatially varying

properties.The complex nuances of the materi
behaviour in tension and compression have b

understood and characterized and links between

forgedd AZBO My

activity of various deformation modes, hardeni

behavious and the cyclic damage mechanisn

have been established. Furthermahe nature of

1A, Grygue),

ised form 7 June 2019; Accepeed 12 June 2019

the cyclic response of forged AZ80 Mg haeen ; s

Figure53- A . Greyabu A Mul ti axi al cycl
and forged AZ80 Mg all oy,i837] n

More specifically, theorientation, and sequence 2019.

observedto be a function of the loading history

the loadingare factors which have a profound effect in both a strain and stress controlled loading
environmentThese contributions are immense, however they only encompass the material behaviour from

a uniaxial sense (that is to say, only in the tensile and commprase fiaxi al 6 directions)
foundational knowledge to extend towards combined loading suchaxsabishear/tension) is a domain

of research which has been largely unexplored for AZ80 Mg.

Due to the limited number of slip systems (comagigely to other FCC or BCC metalshich the HCP
crystal structure of Mg possesses, the plastic deformation is largely facilitated by twitit®hgWhen
loaded uniaxially, the principatrainaxis (or axis of maximurstrain) remains constant regardless af th
magnitude of the load (or its direction). Quite simply, if the critical resolved shear stress (CRSS) of a certain
mode of deformation is less than the actual stress along the principal axis induced by the external loading,
the material will plastically eform.Under combined loading which has contributions of axial and shear
stresses which are applied in proportional guant i
this principal axis (although different from the uniaxial case) remaingtamngroughout the loading

history. It has been established that the twinrilegwinning mechanism occupsedominantlyfor grains
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which have preferential orientation to activate such a deformation fadfjé11]. Thus in uniaxial and
proportional biaxial loading the constant principal axis wilermit twinning/detwinning only on the
proportion of grains which have favourable orientation for the mechanismcta. ¢However, under
combined loadingvhich is biaxial andnonproportional (i.e. some nexero phase angle between the axial
and shear loadingthe principalaxis will rotate with respect to timeand this potentially allows the
twinning-detwinningmechanism to access a larger proportion of grains and further damage the material
Xiong et al.made a similar observation to this in muaxial fatigue characterization of AZ31B extrusion.
[111]. Some materials will exhibit additional n@moportiondhardening caused by dislocatidislocation
interaction[56][112][108], however thigs dependent on the nature of the twinrélegwinning mechanism

to cause cyclic hardening or softenwwgich is governedy various factors such as the crystal structure
and initial texture. More generallyductile materialsvill exhibita degradation in fatigue characteristics
under norproportional loading, an obsvation thatwas also found by other researchers on various Mg
alloys in the AZ family{111][91][113][114]. The influence of this knowledge framework on the research
objectives of tasks (i) and (v) is fairly complex. Since the service loading of the physical component is a
combination of a spectrum of various forces and moments, the stress state at thdocutiicals can
considered to be highly mulsixial in nature. Thus, characterization of theakial fatigue behaviour of
forged AZ80 Mg is of utmost importance, and more specifically understanding theromortionality

effect is paramount in fulfillingask objective (v) within this research work.

The relative contributions of the axial and shear components of loading to the cyclic damage
mechanism is a topic which is under recent development in the realm of wrought Mg alloys. Several
researchers havetatpted to link the early cracking behaviour (or macroscopic crack directiohg)
alloys to the damage and failure mechanisms in multiaxial loadititl][91][115]. This approach to
predicting fatigudife has its basis in relating fatigue damage to the local stress and strain associated with
a material plane where fatigue crack initiat{&:Cl) and early growth take place. What defines this critical
plane is a topic whicks highly dependent on theiterion which one adopts to assess the fatigue damage,
it could be the plane upon where maximum shear occurs (F8teie)[116], maximum normal strain
(SWT) [57][79] as well as otherEl17]. A key scientific contribution highlightedhithis chapter is the
development of a link between the macroscopic crack path, the loading path and the damage mechanism
for forged AZ80 Mg alloy. This knowledge is instrumental inaccurately assessing the fatigue life under
multiaxial loading where axidbading proves to dominate thedtial response of the material. These two
contributions form the foundation towards comprehensive understanding and characterization of the fatigue
of forged AZ80 Mg alloy and act to completely achieve the task objeativéss thesis workMore
specifically, these key contributions align very well to satisfy the research objectives 1 thru 4 for both

uniaxial and multiaxial strain controlled loading paths
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The following journal article published in the International Jouoh#&atigue (June 19, 2019) has
been presented exactly as published, with the exception of modifications made for harmonizing
references, table and figure numbers to integrate into this larger thesis doureston of this work
was also presented ihe Fatigue and Damage of Structural Materials Conference (FDSM XII) in
Hyannis, USA in September 2018 as well as the International Conference on Multiaxial Fatigue and
Fracture (ICMFF 12) in Bordeaux, France in June 2019.

6.1.Introduction
Vehicle lightweighthg is one of the most effective methods of improving fuel efficiency and decreasing

greenhouse gas emissions. Magnesium is a great candidate for decreasing the weight of many vehicle
components due to its high specific strength and the fact that ishtestigppmmercially availablstructural

meta[65]. Traditionally, magnesium has been utilized for many years as-@asdliimg alloy since it has
favourable kinematioviscosity and good castabilitit 18]. However, die-cast magnesium alloys are
typically characterizedby both poor strength and dility limiting them mostly to nonstructural
applicationsWrought magnesium alloys however exhibit a superior class of performance with strength and
ductility which are suitable for strtural automotive applications. Recently there has been a strpedrisn

towards forging of magnesium to create near net shape vehicle components that possess superior
mechanical properties that offer substantial weight savings to more conventional structural materials.
Recent work has been done on characterizing thevimelaof several forged Mg alloy9], [98], [99],

[103], [119] [121] and[62], [69], [92]I [97], [122], [123, among these, the AZ80 alloy is a Mg alloy with

good forgability, high aluminum content and superior strength and fatigue performance. The vast majority
of fatigue characterization which has been done on Mg is uniaxial tec@iopression loadinfd.2], [20],

[61], [87], [95], [110], [122], [124i[128], very limited work has been done one the multiaxial fatigue of

Mg alloys. Thus, there still remaireslarge and significant knowledge gap as structural components are

often subjected to highly multiaxial stress states when in service.

Early work on multiaxial fatigue of various steels by Satial.indicated that the majority of the
fatigue life is spnt growing cracks on planes of maximum shear strain amplit@ieMore recently,
crack nucleation was found to occur at the planes of persistent slip bands (PSB), and this forms the basis
for critical plane approach for predicting fatigue fail(B8], [112]. The phase angle betweldr29]the
loading axisacts to manipulate the orientation of this critical plane within the material and in combination
with modul ation of the relative SED6s correspondi
crack orientation. A few pioneering studies have lokmre on multaxial fatigue of Mg alloys.
Bentachfine et. dlL30] concluded that iphase loding (i.e. proportional axial and shear) results in the
highest fatigue life, noproportional loading acts to generate a more complex defect structure with higher

dislocation density, resulting in lower life. This observation also observed by Eiaign extruded
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AZ31B Mg alloy[111]. Yu et. al investigated the multiaxial fatigue of extruded AZ61 Mg and concluded
that unlike cast varieties of Mg (where fatigue cracks initiate at casting defects), wrought Mg alloys
preferentially have fatiguecracksn i t i at e at these PSBO6BIl.inclusions
Furthermore, Yu indicated that the manufacturing process, microstructure, environmental effects, and
loading ratio all influence the fatigue behaviour of Mg alloys. Roostaei et. al investigated the multiaxial
cyclic behaviour of extruded AM30 Mg and observed that the axial cyclic response is insensitive to the
presence of the shear strain, its magnitodéhe phase ang[@09]. However, they observed that the

cyclic shear response was strongly sensitive to the presence, magnitude and phase angle of the axial
strain. Several of these stud[&§], [56], [91], [109], [111], [131kmploy critical plane approaches to
model the fatigue life of Mg alloys, namely the Fat&ocie and Modified SmithVatsonrTopper
approaches, as well as energy bdas®edels such as the Jakédrvani, which has shown to provide

reliable results. Despite this, no work has been done thus far on modelling the multiaxial fatigue

behaviour forged Mg alloys, which is the focus of this current work.

6.2.Experimental
The materialused in this investigation was commercialyailable AZ80 Mg extruded billet (8.0

1+0.2% aluminum content, with other elements composition as per ASTMLBS1andard). The material

was received from Magnesium Elektron North America Inc. in tHeladcaed condition. The dimension

of the extruded billet was a diameter of 63.5 mm and a length of 2000 mm. The forging was conducted at
CanmetMATERIALS (Hamilton, Canada) using the billets having dimensiorn68t5 mm, 65mm long.

All forgings were carried duwon a 50&on hydraulic press with a profiled upper and lower die with-an |
beam shaped internal cavity. A schematic representation of the billet and die geometry is gfigunein

54 (a).The billet and tooling were heated separately td@36r sufficient time to allow any thermal
gradients to decay. The orientation of the billet to the press was such that the radial direction was along the
directionof the press stroke (i.e. tlirectionof forging was parallel to the radial direction of the billet).

Forging was carried out in a single step at a displacement rate of 20 mm/sec.

Axial tensile test samples shownHRigure55(a) with geometries according to Roostaieal.[61] and a 4

mm thickness were extracted from ther@seived billet and closed die forged samples. The extruded
samples were machined along the extrusion direction and from a location where the middle of the gauge
section was at 50% of the billets radius. There were 15 test samples that were extracted from 15 different
locations throughout the closed die forging (all having their axis parallel with the LD direction), as shown

inFigure57( d) . The axial test samples had a nominal

the actual roughness was substantiall yforuas s , arou

static and cyclic testing. Torsional (hollow tubular) test samples shokigune55 (b) were extracted
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with geometries according to Roeat et. a[109]fromeath of t he ri bs on either si
cross section as shownkigure54 (b). These tubular samples that were used for shear testing had a

suf ace finish of -Ratiténsil®teskssvene perfoimed agcarding to ASTM standard
E8/E8M-15a using an MTS 810 Serktydraulic test machine operating in displacement control mode

with a displacement rate of 1 mm/min. The gtstatic sheatests were performed under rotation control

mode at a rate of 12 deg/min. Strain measurement was accomplished using a GOM ARAMIS 3D 5MP

DIC system which passively functioned to measure the shear strain. The average strain rate within the

gauge sectionahe as ur e me nt 'Wfarshe dxial4ekts aBd 6s7Eset! for the shear tests.

The axial fatigue tests were performed as per ASTM E606 in an ambient environmemtnuigin§810
ServeHydraulic test machine and shear/biaxial using an Instron 8874 test machine operating in strain

control mode at a frequency ranges of 0.05 Hz to 2 Hz, and 1 to 30 Hz in force control mode depending

on the strain amplitude to maintain an appraely consistent loading rate between all tests. During

strain control, the max strain rate averaged over the gauge section of measurement wased.. fif

the pure axial and torsional tests, a2 E3 se¢! for the biaxial tests. For the purely axial teths,

strainwas measured throughout the first 10,000 cycles @wingTS632.26 extensometer witin 8mm

gauge and travel of £.2-mmuntil stabilization of the cyclic hysteresis loop was achieved. Similr

the pure shear and biaxial tests, the strain was measured for using an Epsilon biaxial extensometer (model
3550) with axial and shear ranges of t5% antim® unt ed on t he speci mends gau
were conducted atazeromeanstram,(R= 11, fully reversed strain cyc
ranging from 0.32% to 2.0%. The failure criteria for the fatigue teatconsidered to be a 50%

reduction in the peak tensile axial stress or a 50% reduction in peak or valley shearlstréssture

surfaces after tensile and fatigue tests were examined using SEM techniques (FEI Quanta FEG 250

ESEM with EDX).
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Figure 54 - a) Closed die forging schematic titop/bottom dies shown (grey) and extruded billet (yellow) prior to forging. (b)
Axial (Red), shear (white) and microstructural/texture (green) sample orientation within forged billet. FD denotes forging

direction, LD: Longitudinal Direction and TD: Tramerse Direction.

(a) ) X (mm) | y (mm) | x mm) | y (mm)
(21) Thk=6 0.00 3.00 8.38 3.49
0.68 3.00 9.14 3.63
y 1.37 3.01 9.93 3.82
2.05 3.01 10.69 4.05
ul 274 | 303 | 1136 | 437
e X 342 | 304 | 1177 | 471
4.11 3.07 12.01 4.98
02 4.80 3.11 12.25 5.34
: 5.50 345 12.52 6.00
Notes 6.20 | 320 | 3335 | 6.00
6.91 3.28 33.35 | 0.00
1. All dimensions are in (mm) except the surface roughness which is in micro-meter. 7.64 3.37
2. Curvature of the reduced section is determined by the coordinates shown in the table.
3. Axes x and y are axes of symmetry.
- 110 (ref) —
) __
== = 60+0.01
2 25:0.01 g
- o
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Figure55-Speci mensd® geometries and sizes: (a) flat speci men

dimensions in mm.

6.3.Results& Discussion

A summary of the quasitatic behaviour of the sxtruded and forged material is presented in Table

f

or

1. As expected there is a large difference in the both strength and ductility between the extrusion direction
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(ED) and radial direction (RD) in the-agtruded material. This disparity in properties has been explored

by numerous researchg@l], [69], [93]1[95],[122land resul ts from magnesi umbs
and resuling anisotropic plastic response. The forged material however exhibits a yield strength which is
162% higher vs. the RD and 46% higher vs the ED than that of-#wdrasled material. Furthermore, a
significant increase in failure elongation of 35% waseawked relative to the extrusion direction. The

forged material exhibited a more modest 33% increase vs. the RD and 13% increase in the ED in the
ultimate strength. From a monotonic loading perspective, the forged material has properties which have
superio strength and ductility relative to the pareneasruded material. The shear properties are also
summarized for the forged material in Table 1 however the shear behaviour cE#tirudsed material

has not been investigated in this study. The forgeemahinvestigated here shows significant

improvement in properties relative to another alloy in the AZ family of Mg, AZ31B extrusion

investigated by Albinmousat al.[60] Evidence of the spatial variation of quasatic properties in the
closeddie forged material is indicated by the madgde of the tolerance on each quantity as it represents
one standard deviation above and below the average value which is considered to be representative for
the forgings cross section as a whole.

Table8 - The relationship betvesm monotonic axial and shear properties ofextruded and extrudefirged at 250°C and 20
mm/sec AZ80 Mg. Note: Values in parenthesis show delta to cyclic yield strength (i.e. increase in yield strength due to cycli

hardening)
Axial Shear
Material E ljys n loJ Fai lju'rs G ljys H 0 Fai GUTS
[GPa] [MPa] [%] [MPa] [GPa] [MPa] [MPa] [%] [MPa]
Tension Comp

As Ext(ED) 197.3 -155.5 0.218
46.8 (+54%) (+379%) 11.3 341.1

As Ext (RD) 113.6 -116.4 0.283
42.2 (+41%) (+46%) 15.3 290.2

Forged 286.0+8.1 -161.8 83.2+1.8

44.7+2.5 (+7%) (+65%) 0.146 15.3t7.8 384.9+5.8 | 16.0+1.0 (+12%) 317.1+14.7 18.1+1.8 196.7+2.7

For the fatigue investigation, five different strain paths were investigated, two uniaxial and three biaxial.
Each of the two uniaxial loading paths were tested at a variety of strain amplitudes, and the biaxial paths at
various combinations of axial antesar strain amplitudes, as denoted @ble9. For the proportional in

phase biaxial (path C) experiments, strain amplitudes were intentionally delectgive various
combinations of low, medium and high amplitudes, whereas for th@nogortional paths (D and E) the

shear amplitude was held constant at 0.5% since it was determined that the axial strain amplitude and phase

angle were the dominant facs governing the fatigue response.
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Table9 - Description of the investigated strain amplitudes for fatigue experiments for each loading path.

. . Equivalent Strain
Loading Path Strain Amplitude Amplitude
ne ks n ks N q[%]
A (PureAxial) 0.27 2.0 - ' N¥KH
B (PureShear) - 0.47 2.0 =n! KH
0.4 0.5 0.493
0.7 0.5 0.757
C (Proportional) 0.4 0.75 0.589
In-Phase 0.7 0.75 0.823
0.5 1.0 0.764
0.9 1.0 1.069
D (Non-Proportional) 8223
45° out of Phase 0.4 0.5 '
0.696
0.7 0.5 0.297
E (Non-Proportional) 0.9 0.5 '
90° out of Phase 0.503
0.643

Figure56 graphically illustrates the five strain paths which were investigated under fully reversed loading
U Figsre56a) is pure axialn (b) paihaBouee torsiBralt (¢) path C (
biaxial proportional, (d) path D biaxial 45° out of phase which is an oval shaped strain path, and finally

plotted in the

(e) path E 90° outof phase which is a circular shaped strain path. Similar to the representation done by

Yuetal.[91]i n

mini mum circle inscribing

physical significance and it is only used to facilitate the preentaf fatigue results under different strain

paths.

(a) 0.5%

0.5%

Axial Strain Amplitude €

|

(b) 0.5%

t h ®o stiainspmace pthe equivalent strain amplitisdealculated as the radius of the
ted1 2 is divenaird able Qyfor paahtohthe T h e

investigated strain paths. It should be noted that the equivalent strain defined here does not possess any
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Figure 56 - Loading paths used for the fatigue experiments (a)-puial, (b) pure shear, (c) proportional (d) 45° out of phase

and (e) 90° out of phase.
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The microstructuretexture and superficial hardness for various locations throughout the cross section of
the forging are shown iRigure57. The spatial variation isbov i o u s |, especially bet wee
region (locations 8, 9 and 10) and the outer rib regibiggure 57 (d) illustrates a contour plot of the
variation of superficial hardness throughout the forging cross section, areas in red represent the regions
with the highest superficial hardness and areas of blue, the lowest. The axial material properties provided
in Table8 are an average throughout the entire cross section, whereas the shear properties are an average
throughout the tall (1 7) and short (11L5) ribs of the forging since that is the location where the tubular
samples were extracted from. It can be seenctirapared to previous studifi22] where forgings were

done at higher temperatures (32} the spatial variation in microstructure, texture and hardness are more
pronounced in these lower temperature forgings investigated here despite similar strain histories and forging
rates. Furthermore, at 2%D the level of recrystallization seems to spatially vary throughout the cross
section with the mgadmbileefinddwréctostructure,gandesmalleh rmovei randomly
distributed eutectic morphology. Ogushial.[104] characterized the axtruded form of AZ80 as having
clustered fAstringerso of precipitates/Aladndggred al o
rich solid solution phases. The forged microstructure in locatidfiguie 57d) shows no evidence of a
preferred alignment direction of the darker second phases following the thermomechanical forging process.
These second phas appear to be smaller in size and more pancake like in their morphology in the center
ifweb o Figueb7e).rliefal.investigated the hot defmation of extruded AZ80 in a simple upset

type process, and observed similar eutectic morphologies &€ 26Qthose presented here, as well as
dissolution of the eutectic phase back into the matrix at temperatures betwe#®0360 This transition
temperature of eutectic dissolution into the matrix agrees well with the microstructure observed in previous
investigations by Gryguet al.[122] in forgings done atZ°C whose microstructures were void of a large
eutectic fraction and only possessed evidence of snlse precipitates at the grain boundaries. It is
believed that the presence of precipitants at@%ind their dissolution back into the matrix ab6%

resulted in a meaningful contribution to the higher strength values observed at lower temperature forgings.

Figure 57 illustrates the basal angtismatic pole figure for location 8 (web region) within the
forging. It can be observed that a preferential alignment of the poles indicates a stronger texture compared
to the more randomly distributed poles in the other locatiBiygi(e 57 a and b) where the local forging
directions are less wdiirectional. Similar to previous investigations of this style of forgjag2], [123]
the direction of the-axis (as indicated by the basal pole figurdsigure57 align themselves to be oriented
along the local faging direction. The effect which this spatial variation in microstructure and texture has
on the mechanical and fatigue response is significant, thus for the purposes of this investigation, the web
region (location 8L0) is not focused upon due to its indmat dissimilarities. The focus of this study is to

investigate the sensitivity of the fatigue respon
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which can be considered to be the r egdacignficaatiyt si de

different thermomechanical history during the forging process.

(a) Location 1 (b) Location 15
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Figure 57 - Microstructural characterization of AZ80 extrusion forged at 250°C and 20 mm/sec. Basal and prismatic pole figures
are presented irolcations 1 (a), location 15 (b) and location 8 (f) of the forging. Figure (c) and (e) show LOM images of
locations 1 and 8, respectively within the forging (view in the longitudinal direction). Figure (d) denotes the spatiahvafia
superficial hardnss (30T) in the direction normal to the cressction of the forging. FD denotes forging direction, TD:

transverse direction, and LD: longitudinal direction.

6.3.1. Monotonic and Cyclic
Figure58illustrates the engineering stress vs. engineering strain response for monotonic
tension/compression and path A (pure axial) fatigue tests for #leee@ised and forged material. The
cyclicresponse is given by the dotted symbols which were extracted from the tensile and compressive
peaks of the stabilized hdife hysteresis loop for each of the investigated strain amplitudes. It can be
observed that the cyclic hardening is very significarthe asextruded material in both the investigated
directions. The forged material however, has a much higher tensile yield stress compared with the as
extruded material and the cyclic hardening is only marginal in tension. In monotonic compressgon, the
is a premature yield and a high level of asymmetry in both the ED and forged materials due to a large
number of grains having theiraxis aligned in a preferential direction to activate twinning in
compression but not in tension. Extruded samplesagtidrom the RD direction are able to activate
twinning in both the tensile and compressive directions and thus exhibit a more symmetric response. The
65% increase in compressive yield stress after cyclic hardening is-dogalihented characteristic of
wrought magnesium alloys and results primarily from the irreversible nature of the twietimgning
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process and the associated increase in both twin and dislocation density during the transient phase of the
cyclic response. Finally, it can be observeat following forging, the material exhibits superior

monotonic and cyclic properties relative to the paremxaisided material due to its refined grain size

and eutectic microstructures which are more random in distribution and more pancake like in their
morphology.

400

300

RN
o O
o O

ing Stress [MPa]
|_\

o

o

P ——

—Extruded (ED)
Extruded (RD)

—Forged (LD
-500 —t——t———T—— 9 .g I).

-10% -5% 0% 5% 10% 15%
Engineering Strain [%]

-400

Figure 58 - Axial stress strain response for-agtruded and extruded forged AZ80 Mg. Solid lines indicate monotonic response
and dotted symbols indicate the stabilized cyclic response.

Figure59illustrates the torsional monotonic and pure shear cyclic response (path B) for the forged

material. It can be observed, that the material has only a mild propensigichiorhardening in shear,

similar to that which was observed in tension. Furthermore, since the pure torsional strain path is
characterized by the slip deformation mechanism which accommodates the deformation (since twinning is
not favourable), the respse which is observed is a linear hardening behaviour (not sigmoidal in nature

as was observed in axial compression). Furthermore, the response under cyclic torsion was observed to be
virtually symmetric due to the lack of activation of the twinadegwiming mechanism that is favourable

in axial deformation. This symmetry manifests itself as maximum and minimum stresses in the stabilized
hysteresis loop being almost identical for a given strain amplitude of pure shear deformation and the

associated absemof mean stress which results from this.
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Figure 59 - Shear stress strain response for extruded forged AZ80 Mg. Solid lines indicate monotonic response and symbols
indicate the stabilized cyclic response.

The evolution of peak (tensile) and mean axial stress magnitude vs number of cycles for the forged
material is shown ifrigure60a and b respectivelpr a variety of different strain amplitudes. It can be
seen that only a marginal amount of cyclic hardening occurs for all strain amplitudes with the exception
being the 0.8% axial strain amplitude case which exhibits a modest 9% increase in peakusttesthé
delayed onset of yielding following cyclic hardening. At strain amplitudes which are sufficient to induce
plasticity, in general, yielding occurs much easier (that is, at a lower stress level) in compression than it
does in tension due to theoaémentioned twinningletwinning mechanism. At strain amplitudes high
enough to activat e u2wi0.8%) a mgeroimeanstesa pavatopssnvithinthe ( g
first cycle (since the first compressive reversal causes the material to twin vighraasan be

observed irFigure60b this mean stress is most significant at the strain amplitude of 0.8% (where it
reaches a peak of 25 MPa) sinlkert is no significant plasticity induced in the tensile reversal. At even
higher strain amplitudes this twinniaptwinning mechanism is still predominant, however twinning now
reaches exhaustion and more generalized plasticity is now activated insileermrersal causing a drop

in mean stress. This decrease in mean stress at higher strain amplitudes is a phenomenon also observed by
Xiong et al.in extruded AZ31B Md132]. For strain amplitudes which are sutfficient to induce

appeciable plasticity, the mean stress that develops can be considered to be negligible and the
deformation is mainly accommodated by dislocation $20%, [91]. This transitional strain amplitude

where mean stress becomes highly dependent on stradimésvbeen discussed by other researchers

before for other wrought forms of A-Hfecdrgeaawld c an
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be subsequently discussed. This kink represents a shift in degree of involvement of mechanical twinning
in the cyclic deformation, and the strain amplitude at which it occurs depends heavily on both the strength
and the texture of the material. ¥tial.[91] found this kik to occur at 0.5% at approximately 4500

cycles for pure axial (path A).

Similarly the evolution of shear stress amplitude and mean shear stress vs number of cycles for the forged
material is shown ifrigure6la and b respectively for a variety of different strain amplitudes. There is

only very marginal hardening regardless of the strain amplitude, and the mean stress is less than 4 MPa in
magnitude and can be considered to be negligible. These observatiaadabe expected since under

pure torsion (path B) the hysteresis loops are virtually symmetric even at higher strain amplitudes up to
2.0%.
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Figure 60- Evolution of (a) peak axial stress and (b) mean axial stress with nushbgcles for various Path A (pure axial)
strain amplitudes.
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Figure 61 - Evolution of shear (a) stress amplitude and (b) mean shear stress with number of cycles for various Path B (pure
shear) strain amplitudes.

6.3.2. Uniaxial Fatige Life (Paths A and B)
UN data has been presented for the pure axial strain paEiyéré62) for a variety of different material
conditions as welhs for all strain paths @&) illustrated inFigure65. The SmithWatsonTopper (SWT)
parametef57] was initially formulated to account for the mean stress effect during fatigue loading.
Modified versionsf this model have been extended for use in multiaxial life predictions of Mg alloys
using a critical plane method with good sucd&83, [109]. The SWT parameter is related to fatigue life

in terms of four different material constants:

: CG n - CG 6 (‘A)'Qd’q)d

—= GO tr ¢go YR D1 X

The termy- represents the principal strain rangg,  represents the maximum stress on the plane of
principal strain, and E, the modulus of elasticity (Eable8). Analogous to this, in the shear direction,
w[ represents the shear strain rangje, the maximum shear stress magnitude, and G is the shear
modulus (sedable8). The CoffirManson constants on the right hand side of the equation were

extracted from straisontrolled test result$-{gure62 & Figure65) independently for each uniaxial
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direction and are summarizedTiable10for pure axial andablel11for pure shear. For the axial

direction the elastic part of the strain range was calculatedfrom ¥, j ‘O, and the plastic strain range

was obtained fronY- Y- Y- with a lower threold of Y- 1@t p b Similarly for the shear

direction, the elastic part of the strain range was calculatedffrom Y1j "Oand the plastic strain range

was obtained fronx Y ¥ . The calculated SWT parameter for both thextsuded and forged
material fatigue data as a function of cycles to failure is shown for strain path A (purefagiale63a).
Previous work from Gryguet al.[95] has also been presented for comparative purpsises, that data

was collected from axial strain controlled fatigue tests on cast AZ80 Mg which wasliegenged at

higher temperatures. This highlights the effect of the starting condition, style of forging and
thermomechanical history has on the prtipe of the forged material for the same alloy of Mg. Both the
asextruded and forged materials can be expressed using{mwéts, albeit with unique constants for

each material. This implies that for a given amount of cycles to failure, the SWThel@aa@meter for

the forged material is higher than that the extruded material in the RD direction but lower than that of the
ED direction. Using the parameters givemable 10, the fatigue life was predicted for both the as

extruded and forged materials, and is plotted versus the experimentaHifgiie64. The solid diagonal

line denotes a correlation match between the predicted and experimental life, and the dashed lines
represent bounds that envelop deviation from this match by a factor of 2. The vast majority of life
estimations fall within these boundfaofactor of 2, furthermore, for the-agtruded material the

predictions are very reliable with almost equal numbers of data being under and over predicted. However,
for the forged material the LCF regime seems to be conservative in its predictiomratsdtbowards

slightly nonrconservative in the HCF regime. One of the reasons for conservative predictions in the LCF
regime is that the stabilized responses are used as model inputs, and for materials that cyclically harden,
the stabilized cycles are malamaging than the initial ones (as the peak stresses are higher). Since the
Atransi ent 0 pha s-regligible pbrteom al teenlife forgthe ILGF regimen @ proportion of

the cycles experienced by the experimental samples undergo slighthaheage than predicted, as their
peak stresses are lower. This is, however, a minor discrepancy and the assumption that the stabilized

response is used is widely accepted in the literature.

Energybased fatigue damage models have been used by manghessdor modeling the fatigue life of
Mg alloys, e.g., Parkt al.[59], [80]in rolled AZ31, Xionget al.[20] for rolled AZ80, Jaheét al.[56],

[95] for many different Mg alloys and conditions, and Albinmoesal.[81] for AZ31 under multiaxial
loading to predict the fatigue life of wrought Mg alloys. In this study, the JV ni8@Eis utilized. The

novelty of this life model is in the evaluation of the fatigue material constants from difergyrve. In
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this modelthe total energy density is implemented as a damage parameter and is constituted by its elastic
and plastic components. The plastic component is defined as the area enveloped by the stabilized
hysteresis loop and the elastic component is defined aslliwify equation [65]:

” o Al e h T T LAY
wO —C'O 0 wQwn wO —C"O Wl w
where, is the peak tensile stress (path A) dnd QT are the peak and valley shear stresses

(path B) for the stakited halflife response. Through including the positive elastic strain energy density,
the mean stress effect which is prominent in the pure axial strain path A is also taken into account in this
model[83] and subsequently the energy damage parampe@s related to fatigue life via an analogues

equation of similar form to the CoffiManson equatior{82][84], wherew Qs the strain energy density:
w0 0O ¢b O ¢0 0 wQepar w0 w ¢o ®w ¢O YR i pp

In the pure axial strain path A, coefficiédt correspond to the fatigue toughness ‘@nds the fatigue

strength coefficient. ExponensandB are the fatigue toughness and fatigue strength exponents
respectively. Analogous parametersfto M [ are derived from the pure shear strain path B fatigue
data. The constants in the above equation(s) are extracted from the strain energy density life curves and
are summarized below iFable10 (axial) andTable11 (shear) Figure63 (b) shows the calculated energy
damage parameter for both theex¢ruded and forged material fatigue data as a function of cycles to
failure. Both the agxtruced and forged materials can be expressed using very similar curves, as the data
points almost consolidate onto one single curve. Similar to that which was done for the SWT model using
the energy based parameter3 able10, the fatigue life was predicted for strain path A, for both the as
extruded and forged materials, and is plotted versus the experimentaHifriie64. Virtually all the

life estimations fall within these bounds of a factor of 2, with almost equal numbers of data being under

and over predicted.

Table10- CoffirrManson parameters for SWT model and Energy based parameters for\datvadi model for agxtruded
and forged AZ80 Mg for Path A (pure axial)

Axial (Path A)
Material Coffin-Manson (SWT) Energy (Jahed/arvani)
Gf' b By C E. Ef B C
[MPa] MJ m9 [MJ m?9
As Ext (ED) 566.3 -0.111 0.975 -0.808 8.5934 410.91 -0.306 -0.796
As Ext (RD) 485.3 -0.125 0.505 -0.646 1.8670 318.91 -0.209 -0.715
Forged 527.5 -0.103 0.13 -0.626 3.6831 113.87 -0.225 -0.709
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Tablel1- CoffirManson parameters for SWT model and Energy based parameters for\datvedii model forged AZ80 Mg
for Path B (pure shear)

Shear (Path B)
Material Coffin-Manson (SWT) Energy (Jahed&/arvani)
f bs " Cs We W Bs Cs
[MPa] MJ m¥] [MJ m¥]
Forged 169.6 -0.069 0.0234 -0.241 1.6986 6.8011 -0.130 -0.302

Figure62illustrates the straHife (¢-N) curve for the pure axial (path A) fully reversed strain controlled
fatigue testing for a variety of different strain amplitudes and material conditiongal gmbilized

cyclic responses are shown beside the strain life curves for-théraded and forged materials for two
different strain amplitudes. It can be seen that for a given strain amplitude, the maximum and minimum
stresses are consistently higharthe forged material, furthermore, theeagruded material in the radial
direction exhibits virtually symmetric behaviour, whereas both the extrusion direction and forged material
display similar levels of cyclic asymmetry in their stabilized hystetesps. It can be observed that at

strain amplitudes below 0.4% the forged material exhibits superior fatigue life compared to the as
extruded material since the cyclic response is predominantly linear, and the peak and valley stresses are
similar amongsall of the conditions. At higher strain amplitudes however, the higher peak tensile
stresses induce more damage per cycle and result in a lower eventual life as compareektdriieds
material. For the forged material, the variation in life at @gistrain amplitude is quite low, indicating
somewhat consistent fatigue properties at the various locations throughout the cross section of the forging
which were investigated here. In general, the amount of total strain energy density for a givenofiumber
reversals to failure is somewhat insensitive to the material condition as can be obsErgeckii3b.

This supports the observation in thél data that for the forged material at higher strain amplitudes,

(where comparatively higher max and min stresses cause an increase in total estggidemsity) a

lower life is observed.
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Figure 62 - ON curves for loading path A (pure axial) for-astruded (black) and forged (red) AZ80 Mg alloy obtained at strain
amplitudes between 0.2 and 2.0%. For referencengugar symbols are included showing a previous study done on cast and
forged AZ80 Mg by Gryguet al.[95]. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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failure for loading path A (pure axial) for all three material conditions (ED, RD, forged).
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Figure 64 - Correlation between experimental life and predicted life for loading path A (pure axial) for all three material
conditions (ED, RD, forged). Circular symbols denote life predictions using SWT model, and the triangular symbols denote life
predictions usig the Jahed/arvani Model. The dashed lines denote bounds of + 2.0.

6.3.3. Biaxial Fatigue Life (Paths C, D and E)
Multi-axial cyclic tests were conducted by imposing fultyersed axial and shear strains
simultaneously at various strain amplitudes and/or paagkes. The axial strain amplitudes in particular
were selected so as to induce adequate cyclic plasticity to observe any effects associated with the
activation of profuse extension twinning. The results of these multiaxial experiments can be broadly
decmstructed into two general classifications: (i) the effect of the proportionality constant between the
axi al and shear |l oading and the resultant influen

which phase angle has on the cyclic harderstahilized cyclic response and fatigue life.

Figure65i | | ust r at e sN)tunves fos dlosed dienforded AZ80 extrision for all of the fi

strain paths which were investigated. For comparison purposes equivalent strain amplitude is plotted vs
number of cycles until failure. The equivalent strain amplitude for Paths A and B (pure axial and pure
shear) is equal to each individual axes steanplitude however, for the biaxial paths C, D anthe
equivalent strain amplitude is defined as the radius of the minimum circle inscribing the loadiimg path

t h e o strain sgade similar to that done by both Noegal.[133] andYu et al.[91]. It can be

observed that for a given equivalent strain amplitude, the number of cycles until failure are highly

dependent on the strain path, furthermore, the twepnoportiondstrain paths (D, E) exhibit
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significantly shorter lives vs the other strain paths investigated. Both uniaxial strain paths exhibit similar

UN behaviour in the migycle and high cycle regime (HCF), however in the low cycle regime (LCF)

pure shear straipath B exhibits the shortest life for a given equivalent strain amplitude, this is congruent

with what Xionget al.[111] observed in the multiaxial behaviour of AZ31B Mg extrusion. Several
researcherg20], [91], [109], [111],[132],[134b bser ve a #fAki nko in the strain
alloys in the regime of life between®00* cycles which varies depending on both the strain path and
alloy/processing conditions. Casebal.[134]obser ved a di-Mturvaiopurelxiank i n t h
fully reversed | oading (path A) in extruded AZ31B
it as being associated with a change of the salientrdation mechanism between twinnidgtwinning

activity dominating the plastic deformation above the kink point and dislocation slip below the kink point.

Xiong et al.observed a similar phenomenon also in AZ31extrusion, and they also linked the mean stress
development with the plastic deformation mechanism. More specifically, they classified the axial mean

stress development into 3 domains of plastic deformation mechanism; dislocation slip at low strain

amplitudes (below the kink), partial twinning/compldetwinning above the kink and twinning

exhaustion at in the LCF regime at strain amplitudes above 1%. They observe the kink to occur at a strain
amplitude of @U/2 = 0.35% with mean stress progre
abovete Akinko | evel reaching a maximum at 0. 8%. At
to decrease due to twinning exhaustion. FinallyeYal.[91] obsewed this kink to occur at 0.5% in

extruded AZ61 Mg alloy in a fully reversed pure axial strain path. Although not the focus of this
particular wor k, e v i d-&l oucves havé besniobmeéntedihere @t Ktiaim k s 0 i n t
amplitudes comparable toabe cited by the aforementioned researchers, however the exact amplitudes

are generally higher in this study since the strength of closed die forged AZ80 Mg is comparatively much
higher than the other alloys previously investigated in literature. Todhalsacterize this transition

amplitude between dislocation slip and partial twinning/complete detwinning plastic deformation

mechani sm, additional tests would need to be cond
r e gi o n-Ntcunve, epedallyWith the biaxial strain paths which only had few amplitudes
investigated in this st udyNcurkewfthelrextruded maerialihnthee | ac k
radial direction, supports the symmetric behaviour of the material whicblsasved and lack of
twinning-detwinning cyclic hardening mechanism, this agreek with findings by Xiong et lan rolled

AZ80 Mg sheef20]. Finally, it can be observed that the proportional strain path C exhibited a fatigue

life which was similar to theniaxial pathswith the pure axial and pure shear paths representing an

approximate uper and lower bound respectively. The two 4pooportional strain paths exhibited

comparatively shorter lives to the-amial and proportional strain paths for a given equivalent strain

amplitude with shorter lives occurring as loading became increasinglyf phase (Path E).
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Figure 65 - N curves for loading paths A,B,C,D and E for the forged material

Figure66illustrates the stabilized hdlife cyclic response for forged AZ80 Mg for a variety of different
strain pathsFigure66 (a) illustrates the axial and (b) shear hysteresis loops for a variety of different
equivalent strain amplitudes for which the twinnahgtwinning plastic deformation mechanism is
significantly active. It can be obsed/éhat in (a) for the pure axial strain path A, moderate asymmetry

and plastic strain energy density (SED) characterize the cyclic response with sharp peaks and valleys
denoting boundary between ascending and descending reversals. Jrepantional strim path C is

largely similar, with the exception that the controlled axial amplitude was slightly smaller, and the
peak/valley stresses were marginally lower. Themraportional strain paths (D and E) were virtually
identical to one another, with peakestses only marginally higher than the proportional case indicating a
low level of sensitivity of the axial response to the phase angle in the biaxial |ogidjmg66b

illustrates that for the stabilized shear response, the effect gdnoportionality and phase angle are
pronounced. Firstly, the addition of 0.9% of axial strain to the pure shear strain path has the effect of
dramatically decreasintpe peak and valley stresses whilst retaining the symmetric nature of the response
as illustrated by the rotated hysteresis loop in strain path C. Once the loading becgmapodional,

the stabilized responseds s hedpgeakardvalaeytptbluntimybddy ¢ han
comparatively linear ascending and descending responses. Furthermore, for strain path D (45° phase

angle), the peak and valley stresses occurred out of phase from the peak and valley strains, more
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specifically they occuied ~36° prior to the peak and valley strains, a feature of the shear cyclic response

which is unique to strain path D (45° out of phase). This advancement of the peak and valley stress was

not observed in the axial direction once again supporting thevaltiea of a low level of sensitivity of
the axial response to phase angle, a phenomenon which agrees well with the findings of ®adstaei
[109] for extruded AM30 Mg alloy and Albinmousa al.[55] in extruded AZ31B. Strain path E (90° out
of phase) results in an increase in peak and valley shear stresses and a rezsenpafak stresses to be

approximately synchronized with the peak strains. From a cyclic strain energy density (SED) perspective,

the effect of nosproportionality and phase angle on the axial component is virtualhexistent.

However, that is not the sa for the shear response which is characterized by a large decrease in elastic

SED and a large increase in plastic SED in proportional loading, and a moderate change in the elastic and

pl astic SED6s with changing

pintlee suagal daectign isevirtually n

gener

insensitive to the presence of the second axis of loading, its proportionality constant or its phase angle,

whereas in the shear direction, the proportionality constant (or axial strain amplitude) and phase angle

playing a significant role in the magnitude of the cyclic energy.
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Figure 66 - Stabilized cyclic hysteresis loops for (a) axial and (b) shear for various strain paths. For biaxial paths (C, D and E)
the corresponding strain of thehar axis is shown following the phase angle.

Energybased fatigue damage models have been used by many researchers for modeling the uniaxial

fatigue life of Mg alloys, e.g., Pait al.[59], [80]in rolled AZ31, Xionget al.[20] for rolled AZ80.
Furthermore, limited work by Albinmous al.[56], [81] for extruded AZ31 and Rotaeiet al.[109]

for extruded AM30 has been done to model wrought Mg under multiaxial strain paths. In this study, the
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JV energy based mod@2] is utilized to predict the biaxial fatigue lif#ulti-axial fatigue life
predictions were obtained by considering independent uniaxigiiéalife predictions for both the axial
(N2) and shear (Nl models assuming the total medtkial energy dissipation (&) to be equal to the
summati on of t he aand\Atespactivdly) Jteseandepeddem ax&al/sliedr life
predictiors were obtained using the uniaxial damage models which were independently calibrated using
the material constants for pure axial and pure siedoi¢ 10 andTable11 respectively)and then were
weighted by considering the ratio of axial/shear energy to total-eni#tl energy according to:

O

O

)
0 n8f2,o 0 M1 '@ O w P q

A coefficient of 0.3 was utilized to scale the shear component of the life prediction model similar to what
Roostaekt al.[109] utilized for extruded AM30. The physical significarmiethis correction factor is to

bias the overall life prediction to match qualitatively with the type of crack orientation that is observed in
the biaxial failures. More specifically, if shear cracks (similar to those longitudinal cracks observed in
pure brsion) are the mode of failure in biaxial loading, the biaxial shear coefficient should increase in
magnitude (to bias the overall life prediction to be closer to that of the pure shear response). For tensile
cracking (which was observed here), the bistiear coefficient should decrease to account for the
relative importance of the axial damage mechanisms in the crack orientation during early crack growth. A
biaxial shear coefficient of 0.3 yields the best predicted life for the biaxial data presetitiscstudy.
Roostaekt al.[109] utilized a value of 0.5 stating that the shear cracking mode is dominant for the AM30
alloy. Figure67illustrates the relationship betwettal SED and number of reversals to failure for the
forged material for a variety of different strain paths. It can be observed that the strain path has a large
effect upon amount of total SED for a given life. Path B (pure shear) exhibits a dramadiféadgnt

response as compared with the paxeal and multiaxial cases. This can be attributed to the different
cracking mode observed in Path B loading, and provides further justification for the implementation of
biaxial shear coefficient of 0.8urthermore, the amount of total SED for a given number of cycles
decreases when biaxial loading is introduced, though following the same general relationship as the pure
axial strain pathUsing the parameters givenTiablel0andTablell, the fatigue life was predicted for

the forged material and is plotted versus the experimental Ifeggure68. The solid diagonal line

denotes a aoelation match between the predicted and experimental life, and the dashed lines represent
bounds that envelop deviation from this match by a factor of 2. The vast majority of life estimations fall
within these bounds of a factor of 2, furthermore, tHevial and proportional strain path predictions are

very reliable with almost equal numbers of data being under and over predicted. Jgrepantional
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biaxial predictions however tend towards being-nonservative, especially strain path E (90° out of

phase) which has a few predictions that fall marginally outside the bounds of 2.
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6.3.4. FractureMechanisms
An examination of the early crack growth behaviour of forged material under two different

uniaxial strain paths (monotonic and cyclic) and 3 different biaxial strain paths is shown bEiguréen

69. It can be observed that for pure shear strain gaguse69 (b and d), the early ack growth is in the
longitudinal direction (along the axis of the sample), whereas all other strain paths exhibit evidence of
transverse early crack growth. This indicates that the axial loading is dominating both the cyclic response
and early crack growt as a transverse crack is congruent with the critical plane for failure in axial
loading.Figure70 highlights the morphology of the fracture surfé@ea sample subjected to pure axial

strain (path A) and a negproportional biaxial strain path with a phase angle 6f B@an be observed

that the for two different strain paths and two different specimen geometries, failure initiated at the
surface bthe specimen, and the crack propagated such that the plane of the short crack was consistently
in a direction perpendicular to the axis of the specimen. These observations agree very well with those
found by other researchdis32], [134]for various other forms of wrought Mg. Important to note is that it

is well known that for a strain path, several material planes might exhibit identical or similar fatigue
damage, however inhomogeneitythe material may favour crack initiation on a plane which does not
coincide with the same plane of maximum fatigue damage. Thus the fractography results presented here
are a cursory observation intended to highlight the dependence on the macrosckgjmevttplane on

the strain path and to provide a qualitative justification towards axial strain energy density being a
comparatively more significant damage quantity relative to shear SED in multiaxial loading for forged
AZ80 Mg.
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Path E, N= 1492 cycles. Scale bars shown for reference.
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