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Abstract

Mg alloys find widespread applications in transportation industries especially in cars and trucks because of
their edges in lightveight design, which can greatly hatpprove the fuel efficiency andecrease the
greenhous@asemissions of vehicleddo we v er , Mg suadedtimlityts corrokionlyit their
penetration in automotive applications. Surface coating is one of the most effective and economic ways to
protect Mg alloys from corrosion and thus one major aim of this thesis comes to identify a robust-and cost
effective surface coatingysem for Mg alloys. Asmost Mg automotive componentsre subjected to
corrosion anayclic load simultaneously, anothiercus of this workis the development of corrosion fatigue
model suitable for Mg alloys.

First, after reviewing various surface treatmenethods available for Mg alloys in literatuhdn-P
conversion coating was chosen to treat cast Mg alloy AZ80&orrosbn protection and surface protection

The conversion coating process was optimized by studying the effects of processing paraotetess su
solution temperature, pH value, processing time, and chemical composition of the coating bath on the
surface morphalgy, thickness, microstructure, and corrosion behavior of thePMmating using
SEM/EDS and electrochemical testing methods. Basateresults of optimization experimenésnew
two-stageconversion coatingrocess was developdd obtain thick and cck-free MnP conversion

coating on Mg alloys with excellent coating quality. Resultsatifspraycorrosiontest and electrochemical

test showed that the conversion coatdepositedfrom this twostage proceshad a better corrosion
performancehanthatproduced from a single coating procebs attain further corrosion protectiveneas,

top polymer painting waappliedon Mg alloypretreated via a variety of surface treatment technijues

Mn-P conversion coatingshromate conversion coating (CC@pd micrearc oxide coating (MAQ)). In

this study, extrusion/forged AZ80 and ZK&Doyswere used as the substiater evaluaing the efficacy

of variouscoating systemsCorrosion tests of the Mg alloys with and without scsilvethe salt spray
chamber(ASTM B117) were used to characterize the coating properties. The results indicated that the
MAO-powder coatingystem could providéhe best corrosion performancir the ZK60alloy without a
scribewhile CCGpowder coatingystem could providihe bestorrosionperformancdor the ZK60 alloy

with a scribe

Next, more attention was placedtl® workon modeling ofcorrosion fatigue behavior dfig alloys A

process interaction model is proposedbt used to describe tlemrrosion fatigue crack growdtlife,
assunngthat corrosion fatigue is an interaction process between pure fatigue and stress corrosion cracking.
In this model, corrosion fatigue crack propagatsdivided into three parts: Wwhenstress intensity factor

K is smaller tharKscc, no stress corrosion cracking ocsyandcorrosion fatigue crack propagation rates
are only <contributed by fati guein dhch ¢twoicdirelalingby mo c

parameters were introduced to explain the interactive effects of corrastbiyelic loading on the

iv



mat eri al ' s pr oper ti)&benkKaexaeds e strdss cowosiongrackirg rsteids

kick in andjoin with modified fatigue to enhance corrosion fatigue crack growth rates; iii) With stress
intensity factor Kfurther increasing to a certain value where stress corrosion cracking is being independent
to K, the effect of corrosion on the driving force of fatigue crack propagation can be neglected while the
influence of corrosion on material properties still &xiBataof fatigue in vacuum and stress corrosion
crackingfor materials such as 4340 steel, 70/&b1,and Titanium alloy Ti6Al-4V are used to validate

this model and good agreements are obtained betihe@nedictive corrosion fatigue crack growthasit

and practical experiment results.
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Chapter 1 Introduction

Known as the green metal of2dentury, magnesium (Mg) and itdals are becoming widely recognized

as increasingly important materials in automobile industry, electronic components and aircrafts, etc. Despite
the many excellent properties that Mg alloys possess such as high sttemgjtizratio and good dimension
stability, these materials exhibit inferior corrosion performances when in contact with aqueous environment
and other metals. This has become one of the major obstacles preventing widespread applications of Mg
alloys. Thischapter places an emphasis on amswethese questions: why choose magnesium and what

are the major challenges magnesium alloys are facing for automotive applications (thesis motivation)? What
are the causes of these issues, how serious they are, aragierthatpossible solutions (profistatement)?

What challenges do we plan to address in this work and what are the specific techniques and approaches
that we are going to use (thesis objectives and methodology)?

1.1 Technical background and research motivation

Magnesium alloys are consideredbe an excellent choice for engineering applications where weight is a

critical design element. For automotive applicati@tsording to the United States Automotive Materials
Partnership (USAMP), it was estimatedttb@o0 Ibs of steel and 130 Ibs dfiminum per vehicle will have

been replaced by 350 Ibs of magnesium alloys by this year. That is an overall weight redutan of

which will lead to 9%12% fuel savings and a significant drop in gas emissjbhsMoreover, the

i mprovement of the vehicle’s handling and turning
could be achieved hr ough the wuse of magnesium all oys. Besi
recyclability and the castdity greatly reduce the cost of the material. All of these make magnesium alloys

highly competitive to aluminum and steel alloys in applicatfionshe automobile industr?2-6].

However, Mg alloys are very susceptible to corrosion in humid environraspégially the environments
containing chloride ions even though a partially protective film forms on the surface of Mg alloys. The
corrosion potatial of Mg in a NaCl solution is the least noble among all engineering matdds. of
research attention kabeen attracted to investigations on corrosion mechanisms of Mg alloys and
approaches to improve corrosion resistance of Mg alfaymng the vapus corrosion mitigation strategies,
surface coating is considered one of the most effective and econongdavpyevent corrosion of Mg

alloys. It provides a physical barrier between the corrosive environments and the Mg alloy substrate, and/or
can conglerably increase the polarization resistance of the alloy substrate and hence retard its corrosion
significartly. Commonly used coating methods included anodizing, plating, chemical conversion, powder

coating, electrecoat, vapor deposition and cold spray



A lot of research works on Mg corrosion focused on circumstances where mechanical load is not involved,
and most of the protective coatings developed are forfleadapplications. Imeal service conditions,
especially for automobiles, structuresdacomponents are commonly exposed to both cyclic mechanical
loading and corrosive environment (e.g watett, said road debris), which may lead to the occurrence of
premature break down or failure of the material, a phenomena termed corrosion fatiguelingcto
NACE/ASTM G193 standard, corrosion fatigue is defined as the process wherein a metal fractures
prematurely under conditions of simultaneous corrosion and repeated cyclic loading at lower stress levels
or fewer cycles than what would be requiteccause fatigue of that metal in the absence of the corrosive
environment. Considering a scenario of pure maeacal fatigue, the evaluation criterion of material
resistance to f at i grdaggue ssengthhexpressad by theusteesglitudm below ( o
which the material will endure an infinite number of cycles or at least a number of detboydtes such

as 1.0x10. Mg alloys show good fatigue strength in the air. Once they are exposed to an aggressive
environment, however, their fgtie strength will be significantly reduced due to the interaction of cyclic
load and corrosion. Corrosion faitie can cause much worse damages than merely fatigue or corrosion or
even the summation of fatigue and corrosion, because corrosion and fatigmeitcally promote each

other. For examplesorrosion pits easily resulted from electrochemical reactionb@iMy alloy surface

can act as a stress raiser and hence facilitate the fatigue crack initiation; and hydrogen generated from
corrosion reactionmay diffuse into the Mg alloy and embrittle the material. In turn, cyclic loading could
also increase the casion rate by changing the local electrochemical environments such as lowering the
local pH value at the crack tip via solution refreshing or faakduring the repeated crack open/closure.
Additionally, Mg alloys have hexagonal close packed (HCP) crgstatture and limited slip systems, and

thus their fatigue damage mechanisms are different from those of steels and Al alloys which have body
cenrtered cubic (BCC) or faeeentered cubic (FCC) crystal structures. All the above make the understanding

of corrosion fatigue of Mg alloys a far from simple task.

1.2 Problem statement and scope of work

Due to the inferior corrosion resistance of Mg and Itsyal plenty of work has been done on development

of corrosion resistant coatings for protection of Mg allmysarious environment-13]. And the stress
corrosion cracking (SCC) and corrosion fatigue of Mg and its alloys are also under active ativestig
Nevertheless, little work has been seen in literature investigating the corrosion fatigue perfoahisigces
alloys with protective coatings. It is still not fully understood how factors such as the types of coatings,
coating qualities, and variou®ating processing procedures influence the corrosion fatigue properties of
the coated Mg alloys. And therg & lack of understanding on how surface coatings on Mg alloys interact

with the corrosive environment and cyclic load in determining the falifguef the materialsThese critical



issues need to be addressed to ensure safe and economic utilizatign adfoy4 in real industrial

applications.

Besides experimental investigations, computational modeling is a powerful tool that can be used to stud
the behavior of a complex system. Modeling of corrosion fatigue behavior of the coated Mg alloys can
assisin safety assessment of engineering structures and allow better component design minimizing the risk
of corrosion fatigue damage. The corrosiatigue life of a material or structure includes two parts:
corrosion fatigue crack initiation (CFCI) time andrrosion fatigue crack propagation (CFCP) time. In
order to model the total corrosion fatigue life of coated Mg allog®; the coating influences the CFCI life

and CFCP life needs to be understood first.

In order to quantify the effects of surface cngton corrosion fatigue life of Mg alloys, fully understanding

of the corrosion mechanism and corrosion performancesaiéd Mg alloys are needed. In the present
study, permanganate phosphate {R)nconversion coating is chosen as a model coating fesiigating

the corrosion and corrosion fatigue behavior of coated Mg alloys. Chemical conversion coatings are
characteried by its good corrosion resistance, {o@st and easy implementation and thus are extensively
utilized for surface pretreatment of rakst in automotive industry. Chromate conversion coating is well
recognized for its excellent corrosion resistance, astbeen prohibited due to the adverse environmental
impact of the highly toxic Cf used in the process. Mn conversion coating igpted in this study as it is
considered one of the most promising alternative coatings to the chromate conversionloghtswgyork,

coating process was optimized to obtain dense protectiv® lonversion coating on Mg alloys and the
corrosion mechanms and corrosion behavior of the coated and uncoated Mg alloys were investigated.
Surface coating apparently is expectethtrease the CFCI life, but the actual effect very much depends
on the mechanical properties and capability of the coating to nraitstémtegrity and protectiveness under

the cyclic loading. For examplé,the surface coating is very brittle like atdiped coating or has internal

net cracks like chromate conversion coating, the effect of the surface coating on CFCI may be very mild o
even negligibleModelling of CFCI life can be obtained by calculating the corrosion pit growth rate. A few
CFd models are reported in literature, most of which are established by simulating the pit growth behavior.
However, verification of theCFCI model using experimental data can be very tricky and complicated
because of the complex pit growth behavior andliffieulty in distinguishing the boundary between CFCI

and CFCP. Besides, research work on the effect of cyclic loading on the pit dpetvavior is rare. In this

work, experimental investigations were done to study the corrosion behavior of Mg allbysavittus

coatings, so as to better understand and quantify the effect of surface coating on CFCI process

The effect of surface coatiregn CFCP behavior remains unclear because it seems that surface coating tends

to influence the stage of CFCI rather ti&RCP, but the fact is that tiserrosion pit in the coating may act
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as a stress raiser and increase the CFCPMaigeling of CFCP lié of coated Mg alloys can be realized

by calculating the CFCP rate. The previous CFCP models in literature, suchwgsettp®sition model and

the competition model, stated that the CFCP rate was closely related to pure mechanical fatigue, SCC, and
the interaction of these two processes. However, those models were initially developed for structural steels
and aluminum alloy that are only susceptible to SCC at high stress intengisas. Mg alloys, they are
generallymore suseptible to SCCSomesuscefbility indexes such asil(defined as the ratio of threshold

stress for SCC in the corrosive environmenthiat inthe ai) wereused to characterize the tendency of Mg
alloys. Even in distilled water, for some Mg alloys, the valuestan be reduakto approximately0.6

[14]. Morefactson SCC of Mg alloysvill be discussed ithenext chapterTherefore, the previous models
cannot be used directly to describe the corrosion fatigue behavior of Mg. @layav modelwith the

ability to predict the CFCP behavior of Mg alloys is therefore necessary.

1.3 Research objectives and methodology

The overall objectiveof this researcincludeidentfication ofa robussurface coatingpr the investigation

of corrosion and corrosion fatigue behavior of magnesium adlogisomputationaimodelling of corrosion
fatigue behaviofor the coated Mg allgs. Mg alloys treated with various types of laboratory synthesized
and industrial coatings will be evaluated for corrosion and corrosion fatigue performances in order to
understand the effects of surface coatings and coating processes aorréiseon perfomances and
corrosion fatigue life of Mg alloys. One major goal of the study is to identify a robust areffeasive
surface coating for the corrosion protection of fatigtigcal automotive components such as suspension

arm made of Mg lbys.
To achieve the above research goal, the following objectives are planned and conducted:

1- ldentify a robussurface coating for Mg. In the first stage of the study, Mg alloy AZ31B was treated
with Mn-P conversion aatingsin laboratory. The coating process was optimized in order to
produce MAP coatings of high quality. The effects of processing parameters such as solution
temperature, pH value, processing time, and chemical composition of the coating bath on the
suiface maphology, thickness, microstructure, and corrosion behavior of the loating were
investigated using SEM and electrochemical testing methods. A newgtégye process was
developed in order to obtained thick and cr&rele MnP conversion coatings Mgalloys.

2- Characterize the effect of commercially available top coatimgorrosion andtorrosionfatigue
of Mg alloys In the second stage, the candidate Mg alloys were treated with vasioazercially
available surface coatings commpnisedin automotive industry. The corrosion and corrosion
fatigue performances of the Mg alloys with surface coatings (including thE ktating) were

evaluated using advanced electrochemical testing techniques (i.e. open circuit potential test,
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potentiaynamicpolarization, and electrochemical impedance measurement), salt spray corrosion
testing, and rotatingending fatigue testing in a NaCl solution. The corrosion degradation and
corrosion fatigue fracture mechanisms of the coated and uncoated Mg l#legbeen studied
systematically. The effect of cyclic loading on the corrosion behavior of coated Mg alloys and the
effects of surface coating on the corrosion fatigue behavior of Mg alloys were investigated using
customized corrosion fatigue testing.

3- Developa corrosion fatiguenodelcapable of accounting for corrosion and fatigue interaction. At
the same time, as the crucial part of the study, a CFCP model for Mg alloys based on previous
CFCP models for other metals such as Al, Ti, and steel alloybevdsablished. In the prediction
of corrosion fatigue life, both CFCI life and CFCP life are to be described explicitly for coated Mg
alloys. Especially, for the CFCP model, itdizidedinto threestagesi) when the stress intensity
factor Kis lower than Kscc below which stress corrosion cracking does not occur, the only
contribution to the CFCP comes from the mechanical fatigue. The corrosion fatigue process in this
region can be described in terms of crack growth rate given bywtaijmi ' s equati on
different stress ratios da/dNFC B A% )®™, wherethe parametetds nd B represent t
of corrosion on theahwdrt ®&ck apr ppoagpetritomr drimvi ng
fatigue, respectively; i) When K exceedsds, stress corrosion criing starts joining with the
mechanical fatigue in accelerating the corrosion crack growth by an integration of stress corrosion

cracking velocityg,  # O AA A Gnwhich bis the beginning time of stress corrosion cracking;

iii) When tle stress intensity factor K further increases to the lavel/ewhich stress corrosion
cracking becomes independent of K, the effect of corrosion on the driving force on fatigue crack
propagation can be neglected whereas the influence of corrasioraterial properties will still
remain. Experimental data on CFCP &&IC of Al, Ti, and steel alloys from literature will be used

to validate the model.

1.4 Thesis outline

This thesis consists of 7 chapters with the following contents.
Chapter 1, current epters, describes the research motivation, goalsplgedtives.

Chapter 2 provides a literature review includaogrosion mechanism and corrosion protection methods of

Mg alloys, corrosion fatigue crack initiation and corrosion fatigue crack propagatidels for metals.

Chapter 3 outlines the detaileddnmation on the investigated materials, specimen characteristics and

preparation, as well as the procedure of surface coating treatrbsat, the experimental techniques and



equipment to characterizee microstructure, corrosipand corrosion fatiguperformance of the coated

and uncoated samples are presented in this chapter.

Chapter 4 gives the effects of the solution pH, immersion time, and bath temperature on the microstructure,
corrosion behawar of the MrP coating. A twestage conversion processobtain a thick and cradkee
Mn-P coating is developed, and the coating is also characterized in this chapter.

Chapter 5 involves the evaluation of several corrosion protection methods on tHeyMak&l0 and AZ80.
An E-coat and a powder coating dpeth used as a topcoat for the conversion coating and -awicro
oxidation coating. Crossection microstructure, coat thickness, and corrosion performance of these coat

systems are characterized and panedin this chapter.

Chapter 6 containsdetailed description dhe proposedorrosion fatigue crack propagation model based
on theexisting modelsA verification for this model is obtained liging experimental dafeom Al alloys,

Ti alloys,andsteel alloys from literature.

Chapter 7 summarizes the conclusions of the work in chdg@eandprovides recommendations for the

future work.



Chapter 2 Literature review

2.1 Introduction - magnesium alloys

The growing enviromentalissues due to serioggeenhousgasemissions necessitatiee light weigh
design of automotive componerj2-6], considering the fact that every 10% reduction in vehicle weight
leads to a 7% enhancement ielfeconomy3][7]. Magnesiumalloys are considered to be alternatites
steeland aluminunalloysto achieve this godlecause of their high specific strength and low density and
thus are increasiyty utilized in the automotive, aerospace and electronics industreZable2-1 givesa
comparison of properties nfagnesiunalloysand other metal$:rom the point view ofngineering design

Mg alloys may not be the best choice due to their low elastic msdhblowever, for the weighlight
applicationsit can be seen that magnesiatioys witha density of 1.74.95g/cn?, about 2/3 that of Al
and 1/4 that of Féhave a evident edge as comparedther engineering metalor example, Ypreplacing

a frontengine cradle made of a cast aluminum alloy with a magnesium alloy, the weight could be reduced
from 15.8 kg to 10.3 k@3].

Table2-1 Comparison of Properties dfg alloys, Al alloys, Ti alloys and stels[8]

Densit Young' Yield Tensile Fracture Environmental
Metals (gl mg)y moduus strength strength toughness resistance in
9 (GPa) (MPa) (MPa) (MPa+ m salt water

Mg alloys 1.741.95 42-47 70-400 185475 12-18 D
Al alloys 25-2.9 68-82 30-500 58550 22-35 B
Ti alloys 44-4.8 98-120 2501245 300-1625 14-120 A
St;'ggss 768.1 189210 1701000  480-2240 62-280 A
Cabon steel 7.87.9 200217 2501155 3451640 12-200 C

SinceMg alloy was first applied to th8eetle model by Volkswagen, maR&D efforts for Mg alloys
have been madsy worldwide automobile compansisuch as Fiat andolkswagerto redwe the weight of
motor vehiclesAlthoughMg alloyshave been used increasingly for various applicatiomblems related
to their low cold workability and inferior corrosion propertrestrict their further applicains.

2.2 Corrosion and corrosion mechanism of Mg alloys

2.2.1Review on corrosion of magnesium alloys
Low corrosion resistance of magnesium and its alloys has significantly limited their applications in
automobile industry, especially when they are exposed to agjgetutions containingggresive species
such ashlorides. Partly protective Mg(OHifilm formed on specimen surface apparently cannot prevent
magnesium alloys from being attacked by corrosive solution. Theabtglity of magnesium and itdlays
can be clearly seen fmothe EpH diagram of pure Mg in water, as presentdedare2-1[13]. This diagram

could be simply divided into four regions: Corrosion A{@aea 1), Passivity Area (Area 2), Immunity



Area (Area 3), and an areatlyeen Corrosion area and Immunity area (Area 4). It is concluded that pure
magnesium tends to be corroded in most of areas except in that small Immunity Area.
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Figure2-1 E-pH diagram of Mg in pure watét 3]

For magnesium and its alloys, there is a very strange and typical manifetaied to hydrogen evolution

in corrosion process, namely negative difference effect (ND&) Figure2-2 could be used to describe
this strange phenomenon in Mg corrasprocess. Withraelectrode gradually polarized in anodic direction
hydrogen evolution rate is expectedierreae,and cathodic reaction will cease at some certain potential.
However, in the case of magnesium, the hydrogen evolution ragagecwith anodic polarization. Some
literature has demonstrated the existemicthe NDE. For example, Song et @l6] found that hydrogen
evolution rates of both MEZ and AZ91 are higher when polarized to +0.5mA&@mpared to those at

their corrosion potential. The most common explanation of NDE is based on a monovalent magnesium ions
(Mg*) theory proposed by Petty dt fL7]. The sequential reactions are presented lasife:

Mgf Mg*+¢€ 2-1

2Mg* + 2H,0f 2Mg?*+20H+H, 2-2

The reactionZ-1) is an anodic reaction, and Migns are strong reducing agents in the reactéhen the

magnesium electrode is polarized in anodic direction, the rate of reg:tipincreases andhtis produces



more and more reductants (i.e. Mgns), which then increase the hydrogen evolution rate and perfectly

explain the phenomenon NDE.

H; rate

F 3

o
>

E

Ept  Ecorr
Figure 2-2 A schematicillustration of the dependence of the éVolution rate from a polarized magnesi[i8]

In most cases, the corrositype of Mg alloys islocalized corrosion such as galvanic corrosiad pitting
corrosion[15-24]. In galvanic corrosion as shown figure2-3, the Mga-matrix acing as an anode due to
its low corrosion potential readily form galvanic couples with3 p h a s eintesmetalbictcdmpaunds

that act as cathodeBEhe general corrosion reaction is:

Overall reaction: Mg + 2HOf Mg (OH)2 + H> 2-3
Anodic reaction: Mg Mg?* + 2e 2-4
Cathodic reaction: 24D + 2ef 20H+ H; 2-5

As can be seen froabove reactions, corrosionMf alloys is always accompanied by hydrogen evolution.
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Figure2-3 Schematic of galvanic corrosion in Mg alloys

Another commorform of localized corrosion is pittindt is in particularrelated topassivating alloys or

alloys with protective coatings in an aggressive environment containir§Q@t, Br, etc. The preferential
adsorption of halide ion® oxygen and water otecules on the surface dig alloys followed by the
penetration of ions through the oxide film or the coatings encourages the degradation of Mg alloys. Pitting
corrosion is more dangerous as the pits are usually covered logioaproducts and may act asress
concentration sites to initiafatigue[20]. Consequentlyhe fatigue strength dflg alloys in an aggressive

environmentdecreases significantly.

2.2.2Stress corrosion cracking
Stress corrosion craitig (SCC) often takes place in a comppotor structure by a combination of sustained
mechanical loading and an aggressive environment. Mg and its alloys possess high susceptibility to SCC,
especially the wrought magnesium alldgs]. A lot of papers investigated the mechanism of SCC of
magnesium alloys. It has been reported that this type of environment assisted cracking is generally ascribed
either to preferential anadidissolution under stress conditions or hydrogen irdlecebrittlement at the
crack tip[26]. SCC due to anodic dissolution is usually a continuous process endntintergranular
fracture, which is always related to some chemical heterogeneity along the grain boundariesitet p
an electrochemically active path for the corrosion process to occur. Whereas SCC caused by hydrogen
induced embrittlement is a disntinuous process and normally characterized as a transgranular fracture

[27-29]. Hydrogen generated from cathodic reaction can diffuse into the Mg &li6yand decrease the

material’s ductility aft erMgtsirface. Transgramulae SCE€ Showslae p a

brittle cleavagdike morphology and it occurs more often for Mg allgg4 .
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Experimental evidence has shown that the crack velocity of SCC mainly depends on the value of stress
intensity facor, as presented in tlkégure2-4. It can be seen that there is a threshold stress intensity factor,
Kisce, below which the crack growth rate is small enough to be neglected. Apparesilycah be used

for the structural dggn. When the stress intensity facexceeds this critical value, the crack velocity
quickly increases until a plateau region is reached, during which the crack velocitydspgéndent. With

the stress intensity factor further increasing, the craacitglwill again accelerate until faite. It should

be noted that the last region is not necessahiBervedor some magnesium alloyg5].
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Figure2-4 A schematic diagram of stressrrosion crack growth rate, da/dt, as a function of stress intensity factor K
[32].

2.2.3Corrosion fatigue of Mg alloys
Compared to the pure corrosion problem, the iafarorrosion fatigue property is actually recognized as a
bigger challenge to the extensive application of allgys now[32]. Under the combined interactions of
external chemical environment and cyclic loading, corrosidguatcan lead to much unexpected cracking
behavior and failures of engineering structy@3. Compared with other metallic engineering materials,
Mg alloys are far less studied for corrosion fatigue behavior but rather extensively studied for corrosion
performances due to their high susceptibility to corrosion.

The fatigue life and fatigue strgth of Mg alloysin corrosive environmentare significantly redced
considering hose in the air as a referende systematic corrosion fatigue study on magnesalioys
including diecast AZ91D, AM50 and extruded AZ31, AM50, AZ80, ZK60 in Ndi@ked saltions and a
Na:B.O; solution saturated with Mg(Obkljvas doneoy Eliezer et al[34]. Results showed th#te fatigue
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life of all thealloys was longer in air than that in Nal@ised solutionggure2-5). Unigovski et al[35]
also carried out corrosion fatigue test on extruded AZ31, AM50Z#ed alloys in air, MClbased and
borate solutions and obtained danresults

The reasons for the reduced fatigue properties can be two folds. Take the fatigue life as an example. As the
total fatigue life consists of fatigue crack initiation life aiatigue crack propagion life, the reduced
fatigue life in a corrosive environment includes the reduCe@l life and CFCPIlife. On one handin

general, fatigue crack initiation of Mg alloys without corrosion attack at room temperature is relaed to sli
at preferredrientations and the existence of micropores. However, when in aggressive environments, many
papers reported that the fatigue initiation is closely related to the corrosion pits formed on the specimen
surface. Naf36] studied the arrosion fatigue behavior of AZ31 alloy in 3% NacCl solution and concluded
that life in low stress region is determined by the corrosion pit grow behavior. Bhuiyan[8&t]al.
investigated the corrosion fatigue process of eddduAZ61 alloy under three differemtvircnments 80%

relative humidity, 5wt% NaCl solution and 5wt% C#&Csolution. Their results suggested that NaCl
environment enhances pit formation and growth more than ;Ga®Ironment due to its high ClI
concentrdon and low pH value. On the other hand, the reduced corrosion fatigue life can be also resulted
from theaccelerated fatigue crack propagation rate. The fatigue properties of Mg alloys may be deteriorated
after the involvement of corrosioBtephens etld38| studied the fatigue behavior of Mg alloy AZ91 in

both air and 3.5% NaCl environment and determined the material constants in tkieomedlfatigue crack
propagation Par i/sK"), a grasarnted idable2(2dtadnddeadiy deduced that the

Mg alloy in the corrosive environment has a higher fatigue crack propagatio@tiade.esearcherg39-

41] also reportedhe loss of ductilig of Mg alloysin tensile tests and cleavage fracture surfaces after
immersing specimens an aqueous solutiofhat is to say, hydroges generated from the electrochemical
reactions on the Mg surface during immersion and could diffuse into the spe€imedrydrogen embrittles

the Mg alloy and hence assists the crack growth.

The improvement of corrosion resistance is beneficial taon® the fatigue life of Mg alloys in the
aggressive environments. Wittke ef4il] reported that the fatigue strength of the alloy-¥gl-2Ba2Ca
in the NaCl environment can be greatly enhanced by decreasing its corrosi@igrafeant efforts have

been spared to find a way to reduce the casroste of Mg alloys
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Figure2-5 S-N curves of extruded ZK60, AM50, AZ31 alloysair and3.5% NaCl solution saturated with
Mg(OH)2 [34].

Table2-2 Constanamplitude fatigue crack growth properties (UmitMPa¥ & andC: m/cycle)[38]

Air environment Corrosion environment
C (stress ratio R=0.05) 2.4x10% 5.2x10%
m (stress ratio R=0.05) 3.7 4.7
C (stress ratio R=0.5) 1.1x10° 2.2x10%
m (stress ratio R=0.5) 3.2 7.0

2.3 Corrosion protection strategies for Mg alloys

Materials in this sectiomppeared in a journal paper by wang et[4B]. A coating system is typically
needed to achieve a class A (Class A in automotive industry refers to the glossy, smooth appearance that is
required for readily visible, outer surfaces of automobiles) qudlisydace finish on Mg parts, as shown
in Figure2-6 [44]. In the coating system, the fitayeris the surface treatment (i.e. the chemical conversion
coating or anodizing, el¢ aiming at removing the mill and pressing oils and imprgeorrosion resistance
and paint adhesion properfiihe second layeg precursor such asdoat is applied to further enhance
corrosion resistance and to improve the ability against mechanical ddwlbnyeed by the final topcoat
consisting of a base coat andl@ar coat to ensure the stability of the coating systed provide cosmetic
appearancdn this work surface coatingconsisting obnly the first layer (chemical conversion coating or
MAO) and the second layer {&at or powder coatingyvith nofinal topcoat {.e. base coat + clear cpat

wereinvestigated.
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— Clear coat (20-30um)

I > Base coat (10pm)

— Precusor (30-70um)

Ie— Conversion coating

— Mg substrate

Figure2-6 Typical coatingsystem for surface finish of Mg dimastings in class A qualif#4]

In most cases, prior to the application of the surface treatment, Mg compamshigo through a cleaning
process and an activation process, as showfigure 2-7. The cleaning process includes mechanical
cleaning methods (e.g. grinding, polishing) and chemical cleaning approaches (e.g. alkaline degreasing,
organic solvent cleaning), which together macroscopicallynaicdoscopically remove most of the oails,
lubricants, dirt, oxide or hydroxide layers arising from previous manufacturing or forming processes
respectively. Then, the activation process (usually an acidic pickling for Mg alloys) is used to further
provide a homogenous and oxide free Mg surface for thbsequent surface treatment. Detailed
information regarding surface preparation prior to coating has been described by Hoche[43), a&tbcl
standard procedurds prepare thdg alloy surfaces can be found from Standard ATSM D 2651 and the

International Magnesium Association.

Figure2-7 Schematic procedure of surface prssing

As for the surface coating, various methods have been developed for Mg alloys. Based on the data from
web of science using c osurfas@atnidin go gANER ymavgpnm asi sm’c,h
publications for different surface coatingsc@nl990 have been illustratedhigure 28. It appears that

anodking & micro-arc oxidation MAQ), chemical conversion coating, and chemical vapor deposition

attract considerable researcher attention. Furtherimptantation, organic coating, and plating (include
electroless plating and electrochemical plating) accfmira large portion of those publications as well. In

addition, according to a review on corrosion protection of Mg alloys based on péatgntshemical

converson coating, anodizing, plating, and organic coating were represented as the most widely used
methods to improve the corrosion resistance of Mg alloys. Therefore, the emphasis of the next section will

be placed o these four types of coatings and their maplons in automotive. Other processes like the

vaporbased deposition, and some emerging techniques such as cold spray will also be briefly introduced.
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Figure2-8 Number of publications of different surface coatings on Mg alloys since 1990

2.3.1Chemical conversion coating
Chemical conversion coating is one of the most widely adopted surface treatmentstineisdiue to its
low cost, god corrosion resistance and simple operation proceddi@s By simply immersing the
substrate into a conversion bath, an adherent, insoluble, crystalline or amorphous laggroginided to
provide corrosion resistance and good paint adhesion to Mg alloys. The most common conversion coating
used on Mg alloys irautomotive industry had been a chromate treatment (e.g. dichromate, chrome
manganese, the chrome picklé}]. Cr-based conversion coatings copiavide high levels of corrosion
protection, abrasive resistance, good paint adhesion arlesditig capability, but nowadays their use is
strongly limited because of the main drawshk represented by the toxicity issue. Therefore, a number of
nonchromde chemical conversion coatings have been developed to substitute-tthee@rconversion
coating; for instance, phosphate based cod#fighl], stannate coatingh3], fluorozincate/fluorotitanate
coating54-55], Ti/Zr coating [56] and rare earth cdag [57-58]. A comparison of these chemical
conversion coatigs is presented ifable2-3. Among them, phosphate based coatings (mainlyPvémd
Zn-P), fluoride basedaatings (F/Ti, F/Zr), and TZr coatings seem to be the most promising options in
automotive industry, which carelWlemonstrated through some commercial products as presemtdalan
2-4. All of them are chroméree, environmentally friendly, and can provide exeellpaint adhesion and

corrosion protection.

At present, one of the most widely used pretreatments in automotive industries is Zn phosphating, as
reviewed in Ref[59]. Sincethis phosphate solution is acidic (pH=3®), Mg parts will be highly
dissolved when entering the bath. Moreover, in contrast to an alkaline cleaning process for steel and Al
componets, Mg alloys require an acidic cleaning. Thus, the current way tesslthis issue is separately

treating single Mg pieces before they are assembled to the vehicleT&slem3, phosphate based coatings
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(mainly Mn-P), conversion coatings based or, Br or Ti/Zr seem to be theast promising options for

Mg parts in automotive industry, which can be demonstrated from the current commercial preducts a
presented ifTable 2-4. The conversion coatings based on, Wr or Ti/Zr are relatively ew and are
developed to replace phosphétesed coatings. Because in addition to cause some environmental problems
such as eutrophication in lakes, phosphate baths can generate massive sludge containing metal ions. These
problems are solved now by converscoatings based on-TZr or Ti/Zr dueto the use of free of phosphate
compound baths with a tiny amount of ionic spe¢&#$[61]. At this time, these conversion coating are
already commercidged in the surface treatment of Al alloys and some steels, but there is only a few data
with respect to Mg alloygs1][62].

As for the conversion coatings applied to corrosion protection of Nagrantive components, it has been
reported that a conversion coating with brand name Henkel Alodine 5200 was usedtb thetMg
instrument panel from pitting on the sport car 2005 Ford &3T. The corrosia protection of Mg lifegate

on the 2010 Lincoln MKT also included the Alodine 5200-mibron thick chemical conversion coating
[64]. A Cr-free conversion coating based on Ti/Zr has been used on the Mg ddabesFaird Contour
vehicle [64]. Another example used the combination of MagRassat and a 200 pm poly
coating to protect the inlet pipe of the Audi W 12 Mg (AZ91) cylinder en@iiaé. Also, Meridian
Technologies applied a conviens coating base on chronfieee patented fluorozincates and fluorotitanates

to a front end carrief64]. Additionally, in a Canad&hinaUSA collaborative R&D project aiming at
developing comprehensive applicat technology suitable for Mg alloy in the front end where corrosion is

a major concern, researchers from Institute of Metal Research (IMR) devatopadironmentally friendly

and corrosion resistant conversion coating from aldsed phosphate baté6]. This coating has the
characteristics fosimple process, long life of bath solution, low cost and high bonding strength to the car
body. Moreover, this coating has attained industrialization level and leasiyalbeen used in the Mg alloy
hood shield by FAW, as shown figure2-9.

Table2-3 Summary of mechanism of ating process, advantages alisahdvantages for each conversion coating
[47, 49-50, 52-54, 67-69]

Coating Mechanism of coating process Advantages Disadvantages

Chromate  The substrate is oxidideby oxidizing agent GO7%* , which Excellent corrosion High toxicity due to
coating causes an increase in pH at the ligalidy interface. Thus, resistace; good hexagonal Cr;
soluble hexagonal €r is reduced to insoluble €Ds: abrasion resistance; sel Instable at high
deposited on the Mg surface. A skHaling ability is given healing capability anc temperature (>69)
by trapping hexagonal Cr into the coating. mature process
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Phosphate Oxidizing agent and acidified phosphate solution£9@ Environmentally Network cracks
coating the @nversion solutiorcause the dissolution of the substre friendly;  comparable
resulting in a rise in pH and metal ions concentration, 1 corrosion resignce to
leading to the precipitation of insoluble metal phosphate chromate oating; good
the Mg alloys surface. adhesive property
Stannate  Oxidization of the Mg substrate favors the nucleation . Environmentally Long time and high
coating growth of hemispherical magnesium stannate parti acceptable; gooc temperature
(MgSn@) initially at the cathodic sites and then to the veh corrosion resistance treatment; thin
surface, with aporous undetayer made of magnesiur coating (35 p m)
hydroxide.
Fluoride The acidic fluoride solution (F oxidizes the metallic Reasonable corrosiol Long time treatment
based substrate to form a porous Mg(CGHiyer and simultaneousl| resistance; gooc ard large
coating F ions are incorporated into this layer by substituting the ' adhesive property consumgion of HF.
or by forming insoluble Mgk
Rare earth  The acidic rare earth salts solution ¥¢€e** or La®*) firstly ~Excellent corrosion Long time treatment,
coating dissolves the aiformed oxide film and the substrate, leadi resistance; Increased instability

to arise in local pH , then followed by a precipitation of r. environmentally
earth hydroxié or oxide onte porous layer containin

Mg(OH)/Al(OH)s.

of the coating with
time elapsing anc
expensive.

friendly

Figure2-9 IMR phosphate conversion coating used on Mg alloy hood shield by [e&W

Table2-4 Commercial conversion coatings on Mg alloys

Coating Manufacturer Characteristics and applications

Alodine 520079 Henkel A chromefree passivation specifically formulatéat treating Al, Mg,
Ti alloys. It provides excellent base for bonding of adhesives
organic coating and can be applied by spraynonersion

MagpassCoat™ AHC A chromefree conversin coating suitable for all Mppased material.

Oberflachentechnik It is electrically conductive and withstands high temperature expc
(No effect subjected to 90%0r 6 months)

Gardobond X472% Chemetall A chromefree, ecefriendly conversion composite coating based
zirconium and titanium for Al and Mg alloys. It offers excellent pe
adhesion and corrosion protection. It is an dadyandle and low
maintenance process.

Oxsilane 0613 Chemetall

Metalast TCPHFL™

Surtec 650

Chemeon surface
technology

SurTec

It is used as stardlone protection or paint pretreatment and used «
in aerospace and military industries

It is a trivalent chromim conversion coating as well as a sealer
anodized Al, Mg and Zn alloys. It offers excellgr@int adhesion anc
corrosion protection.

A chromatefree passivation for Mg and Al alloySan be used as po:
treatment ofinodic coating and can be applied by spray, immersion
wipe application

17



Interlox 57077 Atotech Zr-based coating. Free of P, Cr, Zn, Ni and Co. It can operate at
tenmperature and produces little to no sludge. It allows for autom
control and can be used fowlti-materials.

Zircobond 42007 PPG Zr-based coating. It is designed to replace Zihosphate
pretreatment. file process can be installedargxisting lines without
changing the process flow.

Chemical conversion coating has the abilitptevent Mg dissolution in the subsequent organic coating or

top coating process and also can protect the Mg componentg thammsport and storage. However, the
corrosion protection provided by this type of coating is very limited because chemicalsiomesating

is generally too thin and too weak, making it easily damaged during assembly. For example, the thickness
of MagpassC o at i s typi c &rhlBesidésetlesqualityhoh the slrijaca treatment is very
sensitive to the previous cleaning process, activation process, and conversion bath parameters such as pH,
immerson time or temperaturédditionally, it is difficult to produce a conversion coating which is defect

free and uniform. Therefore, there remains a strong demand for developing more robust, dneemate
conversion coatings, especially involving sedfalng capability.

2.3.2Anodizing coating
Anodizing is a widely used strategy to produce a thick, hard, stable and cékantoating which can
offer excellent corrosion protection on Mg pafi&]. The anodizing cdiag usually has a porous
morphology and a cellular structure as showRigure 210, through which corrosive species can penetrate
into the Mg substrate. Thus, it is very necessary to seal the anodized filmeweeaehough corrosion
resistance. The porous nature of anodjzimakes it an excellent paint base in the vehicle coating line, and
cosmetic finish can also be obtained. In addition, the anodizing layer can provide excellent wear resistance,
which thereforenakes Mg components less likely to be damaged during asstrablgonversion coating.
Essentially, anodizing is an oxidation reaction in the aqueous solution which can be technically
accomplished by two different conditions: voltage controlled or cugentrolled. Different voltage or
current regions result in dédrent coating formation processes such as sparking, 1@ichog anodizing at
high voltages. Conventional commercial anodizing treatments using relatively low voltage such as DOW
17 and HAE[7]] can provide superior anticorrosion property on Mg alloys, but their anodizing baths
include chromates and/or HF and thus they are now restricted to industry use. New anodizing processes
called micrearc oxdation (MAO) or plasma electrolytic oxidation (PE()9], which are much less
hazardous, have been developed for Mg alloys. MAO employs higher voltage than conventional anodizing
such that micro dischargescur, and the resulting plasma modifies the surface structure of Mg alloys. This
MAO process can produdkicker layer with higher corrosion and abrasion resistance as well as improved

temperature and load capacity compared with the DOW 17 and HAE heatsproces
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Figure2-10 A typical microstructure of an anodizing coating formed on AZ91D in a siticat¢aining solution
[80]

At present, anodizing has been successfully used in the Al alloys for many years. However, it is more
complicated when this technique is applied to magnesium alloys. For example, it requires much higher
voltage to anodize Mg alloys tha alloys. Besidesthe microstructure of the anodizing coating formed

on Mg alloys is irregularly porous whereas it is regular for Al alloys. Some industrial anodizing processes
developed for Mg alloys are summarizedaible 4 These commercial anodizing films have already been
applied in Mg automotive components such as gearbox housing, wheel rim, engine blocks, door inners,
suspension parts, intake manifolds, cradbéstons, etc. An example of Tagnite coatingrotection of a

Mg oil pump housing is shown iRigure 211/81]. Also, in a case of a hybrelectric Ford Focus, an Al

part used to house the power distributioiit was replaced by a Mg one, in which the Mg surface was

protected with a Tagnite anodizing c6@4].

There is no question that the anodizing coating can offer a better corrosion resistance, wear registance an
paint adhesion property than conversion coatings. However, anodizing coatings suffehabemges.

For example, the electrochemical inhomogeneity due to the phase separation in magnesium alloys makes it
difficult to produce an adherent and uniform tiog. Besides, the fatigue strength of magnesium alloys
modified by this surface treatmeneigidently decreased. Furthermore, anodizing has environmental issues

and is more expensive due to the large consumption of electricity.
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Table2-5 Some industrial anodizing process developed for magnesium ghoye2, 83]

Anodizing Manufacturer Desciption Characteristics SST
process Hours
DOW 17 Dow chemical The first anodizing coating fo The coatingthickkes r anges 48
magnesium alloys; produced 75pum; the color v,
voltage below 100V in @olution dark green depending on coatit
containing dichromate, ammoniul thickness; the composition mainl
acid fluoride and phosphoric acid consists of Mgk, NaMghs,
pH 5 above 70 °F. Mgx+y20x(OH)y and a small amount o
Cr20s.

HAE PitmanDunn The electrolyte containpotassium The coating thickr 48

Laboratories permanganate, potassium fluoric 7 5 p the color varies between light te
trisodium phosphate, potassiu and dark braen depending on coatin
hydroxide and aluminum hydroxide thickness.
applied with alternative currémnd
voltage below 125V at pH 14 and
temperature between 303 .

Anomag Magnesium It is a nonsparking process; th: The thicknesy ar i es fr om 300
Technology Ltd anodizing bath contains ammoni a wide range of colors can be obtained

sodium ammonium  phosphat
without chromate and fluoride.

Magoxid AHC Obtained in a solutiorcontaining The t hi ckness vari 500
Oberflache borate or sulfate, phosphate a the color of the coating normally varie
ntechnic fluoride or chloride at pH A1 between white to light graygometimes

buffed by amines at a DC currel black can be obtained; the coating mair
preferably with a vdbdge up to contains MgO, Mg(OH) Mgk,
400V. MgAI20a.

Tagnite Technology Produced in an alkaline aqueo T h e thickness rar 400
Application solution  containing  hydroxide 2 2 . 5 p mgatingd i$ whitecand mainly
Group fluoride and silicate species with r consists of hard magsium oxide with

chromium or otherheavy metals; minor hard fused silicates.
operated at voltages exceeding 30!

DC and a temperature between

153 .

Keronite Keronite Perfomed with a bipolar pulsec The t hi ckness ran 600
electrical current using a specifi the layer is mainly com@ed of spinel
wave form in a proprietary, chrom (MgAl20s) together with Si@and SiP.
and ammonidree, low
concentration l&aline electrolyte at
a temperature between 20 and
508 .

MgC Henkel Plasma electrolytic cerami Coating thickness ranges from62u m 200
deposition process usin Ceramic black coatingomprised of Mg 500
pretreatmenttanks; no information compounds.
available on operation conditions.

Alodine Henkel Operated at voltage ranges fro Coating thickness ranges froml25 p  N/A

EC253 300450V for time duration of -6  Electroceramic coating comprised of 7

minutes and a temperature of-1
503 8

dioxide; compatible with most typice
paint finishes and liquid paint system
fewer steps, faster process amdluced
processing costs compared to traditiol
methods.
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Figure2-11 Mg oil pump housing with Tagnite coating: Tagnite with paint (I&fggnite alone (right)81]

2.3.3Electrochemical plating
Apart from chemical conversion coating and anodizing, electrochemical plating has achieved commercial
importance on Mg alloys not only because of the imprax@dosiaon and wear resistance but also the
metallic coatings deposited on Mg part surfaces offer beautiful appearance, good solderability, electrical
and thermal conductivity. Electrochemical platingieduction process, in which the dissolved metagio
in thebath are reduced to their metallic form and deposited on the surface of the part. Unfortunately, high
chemical activity makes plating of Mg alloys very difficult. Only Ni and Zn can be directly electroplated
on Mg alloys. A suitable undercoatipgetreatnent is necessary to prevent the Mg surface from oxidation.
At present, zinc immersion and direct electroless nickel plating are widely used pretreatments in Mg alloys
[67, 84-85].

Electrochemical p@lting is generally classified as either electroplating pro@gsor electroless plating
procesg86] depending on the different driving forces for the redugtimtess. An external force such as
voltage is necessary for an electroplating process and a chemical reducing agent for agssletdtoig
process. As with the electroplating, different metallic coatings such as Ni, Zn, Cr, Cu, Ag, and Au have
been aplied to Mg alloys according to specific applications. For example, Cu is always used as a base layer
to ensure good adhesion in ttiple-plate electroplating; Ni is used to improve the corrosion resistance; Ag

is used for antfretting purposes; and botlgAand Au are sometimes used to provide electrical conductivity
and optical reflectance. Instead of a single metallic layer, mygtiéal metal coatings are commonly used

on Mg components. Cu/Ni/Cr coatings are conventionally applied to some indoor anouidibdr Mg
components in automotive applications. For example, a Cu/Ni/Cr coating with Zn immersion pretreatment
was reported toédused in the Mg interior panel of Porsche Cay¢Bie Some other examples plfated

Mg components in automotive industry have also been presierftgure2-12[86]. Another multilayered
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Ni/Au coating for Mg alloys is mainly utilized in the aspace field. As for the electroless plating;MNis

the most common process. By immersing the parts into @eoag solution, a uniform thickness film can
be produced on even an irregular surface. Generally, due to limited corrosion protection, steiifBle
plating after sealing tends to be applied in mild industries such as computer and electronic (3@sndust

[67].

Nevertheless, electrochemical plating still has some challenges in the applicatignadibi. Besides

ma g n e s i u susceptibiity t korrosion, the intermetallic compounds, such ag\lyjgdistribute

along grain boundaries, making it especially difficult to uniformly plate magnesium alloys. Moreover, that
different Mg alloys require ifferent pretreatments makes theatihg process more complicated.
Additionally, as the noble metallic coatings have a big electrochemical potential with respect to Mg alloy,
galvanic corrosion can easily occur if the plating has pores. Other problenmesdahehlarge consumption

of electicity and difficulty in coating complex shapes in electroplating and, for electroless plating the short

bath life, also limit their application.
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Figure2-12 Examples of plated Mg components: (a) Top cover of Mg alloy AZ91D engine using direct electroless

Ni-P plating followed by Cu/Ni/Cr plating (b) Back cover of Mg alloy AZ91D engine using Zn isiorefollowed

by Cu/Ni/Cr plating (c) Motorcycle wheel hub of Mg alloy AM60 using Zn immersion followed by Ni plating and

Cu/Ni/Cr electroplating (d) Interior panel of Porsche Cayenne using Zn immersion followed by Cu/Ni/Cr plating
(86]

2.3.40rganic coating
Organic coating, which plays a significant role in improving corrosion resistance, wear property and
decoration, is commonly used as a topcoat in a hormal coating system &iol[67]. Resin (e.g. epoxy,
vinyl, acrylic polyurethane) is the main composition of an organic coating. A typical organic coating is
composed of a binder, pigments, and additives such as dryeiliziaghgents, corrosion inhibitors. Prior
to organic coating, an appropriate surface preparation is critical because of poor adhesion strength. Not only
does organic coating require the surfaces of Mg alloys to be free of contaminants, smut andutstttes, b
water and air in the defects mustbee mov ed as wel | [87] dhithe progidss oforganie vi e w
coating for Mg alloys, organic coatis can be formed by several techniques such as painting, powder
coating, electrophoretic coating -(i®atirg), solgel coating and plasma polymerizationable 2-6
summarizes a description of these techniques and their corresponding advantages and disadvantages.
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Table2-6 Summary of formation process description, advantages and disadvantages for each organ[@¢oating

Organic coating

Description

Advantages

Disadvantages

Painting

Powder coating

E-coating

Solgel coating

Paint typically consists of resir
solvent, pigment and additive:
One of the most important steps
paint magnesium alloys is t
choose an alkafiesistant primer
(resin) such as acrylic, polyviny
butyral, polyurethane, vinly epoxy
or baked phnolic. The painting
film is usually formed by
evaporation of the solvent or b
some chemical reactions.

The thermoplastic powders ar
deposited by thniques such a
electrostatic powder spraying ¢
flame spraying to the Mg substra
and then heated to fuse the polyn
together in a uniform, pinholizee
film.

The electrophoretic aating (E
coating) is obtained by
precipitation of charged particles i
a liquid on the charged substra
surface under an electric field.

The formation of a sefel coating
is accompliskd through gelatior
of a colloidal suspension whic
involves hydrolysis, condensatio
polymerization of monomers t
form particles, followed by
agglomeration of the polyme
structures and a heat treatment.

Flexibility; little restriction on
the shape of substrate.

Use no solvents, environmel
friendly; low hazards
flammability/toxicity and energy
consunption; obtained in a single¢
operation; almost 100% powde
utilization

Short formation time; higlr
coating material utilization;
automatic processing; simpl
apparatus; even coatin
thickness; no requirement fc
binder burnout

Process temperature is low; beil
possible to form coatings on
complex shapes and to produ
thin  films; wagefree and
excludes the stage of washing

Use organic solvent

multistep

The powder stored ir
pulverized form requiring
very dry; difficulty in
obtaining thin coating;
difficult to coat recesset
areas; high proces
tenperature

Complicated electrica
control and bath solutior
maintenance; roughness
substrate obvious

Lengthy process flow;
phase separation durin
curing; limited thickness;
crackability due to stresse
developing during drying
and thermal treatment

Currently, powder coating andddating are the two most popularganic coatings used in the corrosion

protection of Mg components in the automotive indugi8}. Powder coating has been reported as the best

top coating for corrosion protection of Mg alloys becauseoiges better general and galvanic corrosion

resistance than -Eoating [88]. Conversely, other researchers argue thabd&ing of Mg has more

advantages than powder coating, such as lower cost, rofigigh limitations, and the capability of

coating complex parf89]. Some commercially available products for powder coating (e.g. from ProTech,
Akzo/Interpa and DuPont) and for-Epating (e.g. from PPG, BASF, abdiPont) have both been reported

to be used in protection of Mg automotive p&ég. For instance, the Mg instrumental panel of the sport

car 2005 Ford GT was first pretreated by Henkel Alodine 5200 coowmecsiating, then followed by a

Protech epoxy urethane powder coatifig]. Figure 2-13 also shows an application example of powder

coating in certain Mg engine paftl].
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Figure2-13 Mg engine parts using powder coating whih shws perfect appearance and exceabetibpfé1]

Similar to other coatings, some challenges also appear in the deposition of organic coating on Mg alloys.
First, a uniform, defeefree orgait coating is difficult to be produced on Mg surfaceheut careful

surface preparations. Even so, an additional layer of polymer or other powder coating on top of that is still
necessary. Thyu# is necessary to apply multiple layers of these coatingghieve sufficient corrosion
performance. Besides dfe are still some environmental issues because of the used solvent in these coating

processes.

2.3.50ther process
Other surface technologies such as layered double hydroxides (LDHs), cold spray, shesgnalhysical
vapor deposition (PVD), chemical vapdeposition (CVD), and laser surface coating have been also
applied to improve the corrosion resistance of Mg allégs67, 92], but few of them achieved commercial
applications in automotive industry. LDHs with a tunabléchie structure are essentially a class of anionic
clays (e.g, N@-, PQ? ; COs? 7[93-97]. Their unique layered structures regarded as-ganpsules are
capable of storing and releasing corrosion inhibitors, which allogarekers to develop more functional
coatings. Besides, LDdtan be used to replace the conventional sealing strategies to seal the anodized film.
However, so far this surface technologymainly developed for medical application, more research is
neededd extend their applicatioiCold spray is an emerging tethue to coat and repair a wide range of
industrial component®8-99]. It was initially aimed towards the aerospace industry because it can provide
much harder, thicker coatings compared to other available coatings. However, with this technology moving
forward, there is a high potential of its commercialization in the aniigsindustry. The conventional
thermal spray processes such as flame spragingpraying, and plasma spraying requires heating sprayed
particles into molten metal droplets. In contrast, cold spray is a process of applying coatings by exposing
the subsate to a high velocity (360200m/s) powder particles which are accelerated bypersonic jet

of compressed gas such nitrogen, helium, air or a mixture of them at a temperature well below the melting
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temperature of the material, i.e. forming coatingsT particles in the solid state. In this way, it mitigates

or even eliminates ehdeleterious effects of high temperature oxidation, phase transformation, residual
stresses, porosity and other problems resulting from the thermal spray appiid&€he3he plastic
behavior of both particle materials and the substrate is closelydrétatiee formation of the cold sprayed
coating. When high velocity particles impact with the substrate, severe plastic deformation of the particles
occurs. At the same timeigsificant penning effect due to the impact of particles on substrate surface
induces deformation of the substrate. Consequently, the interfacial deformation and localized heat between
sprayed particles and the substrate contributes to forming a goodivadheating by mechanical
interlocking and metallurgical bonding. It is recommedidhat the material with more plastic than the

substrate should be used.

To date, pure Al, aluminum alloys, aluminum alloys blended wit©Ahave been used to coat various
Mg alloys by cold spray techniqui@01-104]. Result shows that cold sprayed coatings can significantly
improve the corrosion resistance of Mg alloys, which show their promising application in corrosion
protection of magnesium alloys. However, as an emerging technique, cold sprayniaishi inresearch

and development stage, more coating performance data needs to be collected.

2.4 Literature review on modeling of corrosion fatigue life

Corrosion fatigue has become one of the most important engineering research area shesrihdon

of damage in the Royal Navy' s p[a &he symemistit effecioh g cab
the corrosive environment and cyclic loadiragdead taarly fatigue crack initiation arehhanced fatigue

crack growh rates and thus early failure of structures and components. It is important to understand the
essence of the interaction of matet@dingenvironment system so that an appropridamage design

could be achieved to meet the practicasémvice requinments.lt is well known that a corrosion fatigue

process can be split into two stages: cradkation and crack propagation, and so is the modeling of

corrosion fatigue life.

2.4.1 Modeling of Corrosion fatigue crack initiatiofCFCI) life
The influence of caosion on crack initiation igenerallymore than on crack propagatio@orrosion pits
are considered dke nucleatiorsitesof fatiguecrack Acting as geometrical discontiities, corrosion pits
can cause stress concentration and eventually leadetariger crack initiatiori105]. To modelthe pitting
inducedCFCl life, problems sch as the evolution of pit siz@it-to-crack transition, etc. have to be

addressed to characterize the corrosion fatigue initiation roces

2.4.1.1 The evolution of pit size
It can be clearly seen fromigure 2-14 that how the corrosion pit evolves and ttrack initiates and

propagates from corrosion pit06]. A small corrosion pit first initiated from a weak section in the matri
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(Figure2-14 (a)) and quickly grew up to a critical pit with larger depth and lerigifu(e2-14 (b)). Then,

under the combined effect of corrosion environment and stress conditions, some secondary pits were formed
at the bottom of the first pit, which further increaseddktent of stress concentration. Consequetttly,

crack readily developed frorthe bottom or the mouth of the piEigure 2-14(c)(d)). After the crack
nucleated from the pit, it started with a stage of small crack propagBigur€2-14(e) (f)), followed by a

long crack propagatior-{gure2-14(g)) when the crack reached a criti@igth For predicting the CFCI

life, itisnecessaryo make the quantitative evaluation of pitting growth behavior. To datnsxe studies

have been conducted on the pit size development and some modelzebaveroposetb predict the

evolving pit. The models developed by some researgh@rs[108]suggested that the pit growth was taken

to be only controlled by corrosion and elapsed time, giving a similar power law curve § , where a
represents pit dept hly determined donsBntsiando [1@]xppopasdédnae nt a |
deterministic model based on two different talloy steel to predict the corrosion pit size with taking into
account the effect of cyclic stress in the pitting corrosion prottesas found that the effect of stress on

pit growth rate was prone to be evident at high stress levels. The aspastedtio define the shape of the

pit (defined as the ratio of pit radius (c) to pit depth (a)) remained constant during pit development

Corrosion pit growth could be formulatad 2¢® o . Ishiharg 110] studied the effect of stress amplitude
and stress cyclic frequency on the corrosion pit growth behavior using aluminum alloyE38ag4d found

that the corrosion pit depthy m) ¢ a nsedby theeeguatiord (& 1 p8tp 10 .
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Figure2-14 Corrosion fatigue crack initiation and propagation processgociation witltorrosion pit, 228 MPa,
3% NacCl aqueous solution (318:Kx) 4.95x16, (b) 5.45 x16, (c) 5.48x16, (d) 5.485x18, (e) 5.495x16) (f)
5.515x16 and (g) 5.55x19cycles[106]

Further, msed onrKondo’' s model , [1Hap rl opvo saendd aWermo d e | using
assuming a hemispherical pit growing at constant volumetric rate from initial pit radiliepit growth

rate (with volumeS ) o could be given as follows:

<

— O — — —Qwn 2-6
By a simpe integration of equatior2{6) to be given by:
0 — & & QR 2.7

Wherethe pitting current in equation (26) normally refers tahe galvanic currenthat is generated

between théntermetalliccompoundsand matrix of the alloylt can beexpressed in terms of the pitting

current coefficienty, the activation energd Hof the base allgyand the temperatufiein which the process

takes placaccording to the Arrhenius laj&11]. a is the pit radius at time t, M is the molecular weight of
themetalF i s Faraday constant andRisthe uniersd daecorstditiers, i t y of
Sriraman and Mao, etf113] [114f made some modi fi cations on lyhe base
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considering the slpe of pit to be senellipsoidal and incorporating the effect of stress into pit corrosion

fatigue process by inferring the result of the 1| s
O — 0 6 2-8
Where# —A QDy—, A is the Casipseca glisdhesstreasnamplitadéncthiso

research, t h el wes radopted nca determinenthee dCECI lifehe critical problem is the
determination of the critical pit depth above which the crack would stamititde.

2.4.1.2Pit-to-crack transition
Based on above knowledge, it is knmothat pitto-crack transition was one the most important issues in
the prediction of CFClife. Likewise, several mechanisms and corresponding models have been proposed
to explain the pito-crack transition. One of them is based on fracture mechdiigg.15]. A pit is usually
consicered to be an equivalent surface crack in this model. It is deemed that there is a critical pit size in
which the local mechanical condition is exactly met for the onset of crack growth. That is when the stress
intensity factor of the pit reaches the tih@g stress intensity factor of fatigue crack propagatiBrK()pi
X (E K)w). On the other hand, Konda05] believed that whether fatigue crack initiates depends on the
relationship between the crack growth rate and pit growth rate. Only when the crack growth rate exceeds
the pit growthrate the aack begins to initiate ((dc/diyx (da/dt)i). The models based on fracture
mechanicamay beuseful in practical application but in short of elaborating the interaction of pitting
evolution and fatigue. Another mechanism is based on camtirdamage nehanics (CDM) 116][117],
in which the pit was assumed to be a notch. In this model, the-giack transition conton was similar
to the critical pit size model. The differencdtiat the fatigue crack initiation is considered to be determined
by the stress distributed over a finite volume ahead of the pit nanseprasess zone rather than by the
maximum stress aund the pit. Therefore, the fatigue notch sensitivity factgniis used to replace stress
concentration factor ()Kto calculate the piio-crack transition condition. Although the models based on
CDM have edges in accounting for the synergistic efféatorrosion and fatigue, there are too many

parameters and theadel process was far from complex.

In this research, theory based o e u b e r [11] isratteinpgedo analyze the pito-crack transition
process. By assuming tpé to be a notch at the transition point, corrosiorgtagicrack will be initiated at

the bottom of the pit whemaximum applied strength exceeds the theoretical material strength.

oY 0Q - 29
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Where K s the stress concentration factarich is a function of thgeometry of the pitS is the applied
stressE i s Y o u n gels thenfradturd sremgth amglis the ductility. The critical pit depth can be
determined from the stress concentration flaatdhe pitto-crack transition point.

Fatigue crackwould readily nucleate from the pit with maximum stress concentration fatioy.
Pidaparti, et al[120] studied the stress distributianound corrosion pits using finite element analysis and
found that the stress was firstly increased by 80% within 30 min corrosion and then the increment of stress
just changed about 6% from 30 min to 60 min corrosion amallyi reach a plateau. Cefit21] also
investigated the stress concentration of corrosion pit with assumption of the pit beirajliptical based

on the finie element analysis. It was concluded that the aspect ratio of corrosion pit was an impdotant fa

deciding stress concentration factor value and could be estimated by an empirical equation as follows:

8

0 2-10

WhereA is the aspect ratio of corrosion pit. According to the finite el@nanalysis, the maximum stses

should appear at the bottom or slightly below the mouth of corrosion pit.[C&tjtfurther studied the

effect of secondary pit formed at the primary pit on stress concentration. It wak tfainthe stress

distribution was completely changed and the overall stress coatiemtwas much larger than that of a
single primary pit. B a §124 emphasiz&leheir stutdyson tweoqudatjtativé h a o «
measurement of stress concentration having a secondary pit formed at the bottom of a primary pit. By
considering these two piseparately as a single pit, the stress concentration of the compound pit was

estimated by:

O 0 0?® 2-11
Where K is stress concentration factor of the primary pit apdstress concentration of the secondary
pit
2.4.2Modeling ofcorrosion fatigue crack propagati@@FCP)life
Modeling of corrosion fatigue crack propagation becomes more complex due to the synergistic effect of
aggressive environment and cyclic loadamnpaed to that of pure fatigu&o date there aréhreemajar

corrosion fatiguenodels andheir extended versions reported in literature

2.4.2.1 Superposition model
The superposition model was first developed by Wei ¢i2B-125] who suggested that the crack growth

rate in an aggress environment is a sumationof three components:

S — — 2-12
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Where A AA represents the crack growth rate in an inert environmenng fatigue term);A AA is

the crack growth rate of a cyetkependent corrosion fatigue process a‘hd\A corresponds to the
sustained load crack growth ratékdevels above kscc(thresiold stress intensity factor in stress corrosion
cracking), which can be expressed by —'Q 0 where da/dt is the crack growth rate related to stress

intensity factorand T is the cyclic perio@126]. Kim [127] applied this superposition model into the
prediction of corosion fatigue life in aluminum alloys by considering the mechanism of corrosion fatigue
to be hydrogen induced embrittlemeldbwever, it was recognized that determination of the second term

A AA _ of equation (5) was extremely difficult27][129].

2.4.2.2 Competition model
According to Austeri129], two different corrosion fatigue crack propagation behavior below and above
the threshold stresstensity (Kscc)for stress corrosion was discovered. The corrosion fatigue behavior,
therefae, could be divided into three types, as presentddgure 2-15. True corrosion fatigueF{gure
2-15 (a)) is characterized by the synergistic effdatarosion and cyclic loading; stress corrosion fatigue
(Figure2-15 (b)) only occurs when stress intensity factor range excegés Rigure2-15 (c) implies that
true corrosion fatigue and stress corrosion fatigue can occur concurrently in some situations. Based on
above knowledge, ésten[129] proposedthat the process of fatigue and stress corrosion fatigue are
mutually competitive and the crack gritwis determined by the process thas a faster growth rate at

prevaiin g AK:
— dOw— h— 2-13

This model proved not to be appropriate at low stress intensities and showed difficulty in predicting the
CFCG rate at low frequencigs30]. Main reason was fodinto be the effect of the process interaction.
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Figure 2-15 Basic types of corrosion fatigue crack growth behavior: (a) true corrosion fatigue; (b) stress corrosion
fatigue; (c) the combination of true corrosion fatigue and stress corrosion fgtiZflie
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2.4.2.3 Process interaction model
Rhocks[130] stated that corrosion fatigue is an interaction process bepueefatiguecrack propagation
and stress corrosion crackinthe effecs of fatigue crack propagaticend stress corrosion ackingare
added togethdsut each process is modified by the other to account for the piotasstion

— W B0 Qo 2.14

Where K is the effective stress intensity factor adjusted to explain the effect of environment on fatigue

a nd sedtoacount for the effect of cyclic loading on stress corrosion rate. C, m are material constants.
Aanda ar e coef fi ci e atelationshipibgivweanaktandakdh if s o'mprt dicess i nt
model ” alpemiEeatagise bdttercorreldion with experimental results than either superposition

model or competition model. As the significance of stress corrosion pgaislémphasized in this model

and the studied magnesium allapsthis papemre highly susceptible to the corrosive envinemt, it is

appropriate to model the corrosion fatigue crack propagation betwvimgnesium alloys based on the

process 0déeHowesee, this model aver emphasized the significance of the SCC in the whole

crack propagation process and notsideedthe effect of SCC in unloading portion.

Overall, from theCFCPmodels published in literature, the corrosion fatigue crackggation process
should becloselyrelated tdfatigue and stress corrosion cracking but the interaction between thenotva
explicitly explained. To narrow down this gamew corrosion fatiguerack propagation model is proposed

and will bedetailed disussed in chapté:
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Chapter 3 Materials and experimental methods

This chapteris on materials and metts. It mainly includes information on the mategabpecimen
preparationandcharacterizatioras well as the procedureadnversion coating treatment. In addition, this
chapter provides detailed information regarding the experimental techniques gomdezjuio characterize
the microstructure, corrosion and corrosion fatigue perfornsafamated and uncoated sangple

3.1 Materials

The Mg albys used inthis researchincludeadirect chill cast alloy AZ31Ba commerciakxtrudedalloy
AZ80, anda commeral extrudedalloy ZK60. As-cast AZ31B withthe dimensiors of ¢ 300 mn} 500
mm, andasextruded AZ80andasextrudedZK 60 with the dimensioaof ¢ 63.5mm; 65 mmwereall
provided by Magnesium Elektradorth America The chemical composition of ébe alloys is given in

Table3-1.

Table3-1 Chemical composition dflg alloys used in this investigation (wt.%)

Alloy Al Zn Mn Si Cu Zr Others Mg

AZ31B 2.9 0.76 0.25 0.01 <0.03 / <0.30 Balance
AZ80 8.4 0.48 0.20 0.026 0.0026 / <0.30 Balance
ZK60 / 5.8 / / / 0.61 <0.30 Balance

The first part of this research focuses on the surface corrosion protection of Mg alloys, ahe flats
specimen geometry was used. In order to optimize the conversion coating process parantastrs, as
AZ31B was utilized as the base substrate infihi$ of the research. Flat coupons with the dimensions of
50mmx25mmx3mm Figure 3-1(b)) were machined from the -aast billet as present iRigure 3-1(a).
These coupons were first mechanicallgugrdup to 800grit emerysanghaper with ethanol, followed by
ultrasonic dgreasing in acetone. Then theyravstoredfor subsequentoating treatment afteimsing in

ethanol and drying idry air stream.

The developed surface corrosion protection methods were further studied on an actual component. A lower
control arm forgedrbm Mg extrusion was the comportersed. A control arm is a vital part of the front
suspension in a vehicle. A Mg control arm, as a potergdacement of the current Al orfer the sake of
light-weight design was employed in this part of the studyeXtsuded AZ8(0131] and ZK6Q[132] billets

were forged into the shape of a control arm as presenkeglire3-1(c) under 250 at a rate of 20 mm/sec

Flat coupons with the same dimensions as the cast alloy coupiguse3-1(b)) were cut from the control

arm for the subsequent corrosion research stage, in which the optimal conversion coatings plus a top powder
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coaing are applied to the coupons to investigate the overall corrosion performancesxtiusienforged
control arm.

To characterize the fatigue behavior of uncoated and coated Mg, aiffgrent specimeigeometrywas
adoptedor fatiguetestingas preented inFigure 3-1(d), based on the American Society for Testing and
Materials (ASTM) standatdASTM E8/EBM[133]. The cylindrical fatigue specimen was as well cut from

the ascast bilet and the control arrat the Machine Shop of the University of Waterloo

(a) 7 (b)

25mm

50mm 3mm
(d) 70.00
' | 3
e ———eee— §] ¥
3 &
e l“': @
i T ?
‘«— 20.00 —» =
S .
S unit:mm
[0S

Figure3-1 lllustration of the original billet and component ugedmachining test coupons and dimensions of
coupons: (a) cast billet (the rectangular asleaws an example aheflat specimen cufrom the bille); (b) flat
coupon for screening tests; @jtrusionforged front lower control arm; and (d) cylindricgdecimen for fatigue

tests

3.2 Coating treatment
Phosphate permanganétén-P) conversion coatingnd chronate conversion coatingCCC)were selected

based on literatur® treat AZ31BElectrophoréc coating (Ecoating) and powder coating were both used
asatopcoatin the coat system.

3.2.1Phosphate permanganate conversion coating

Conversion coating treatment was cortddcin the corrosion lab of CanmetMATERIALBotassium
permanganate (KMnQO15g/L), potassium dihydrogen phosphate @RI 3g/L), manganese sulia
(MnSQOy 4g/L) andethylenediaminetetraacetic acid, nameRTA (CioH16N20s 1g/L) were used tprepare
the agueousconversion bathThis recipe was modified from RE$1] by replacing manganese nitrate

(Mn(NQs)2) with MnSQOy for the free MA* and adding a tiny of EDTA which plays an important role in

34



facilitating the formation of corrosion resistant oxidi&34]. The effect of each processing parameter on
coating resistance was studied. To figutg the optimal processing paramefean orthogonal testing
matrixwas quite necessary to reduce the neind testsThe experiment design is presented able3-2.

Table3-2 Description of MAP based conversion coating process

Processeference  BathpH value Immersion time (s) Bath emperature (°C)
number
1 1.8 45, 70, 90, 180, 600 Room temperature (RT)
2 1.8,2.3,2.8 90 RT
3 1.8,2.0,25,3.0 180 RT
4 3.0 600 RT, 50, 75

The followingreviews thedetailed stepsf produdng a Mn-P coatingon Mg alloy coupons.

(1) Dissolution of the conversion bath constituents and heat treatment

Chemical constituenténo order requiredwere firstly dissolved in ddonized wateron a ColeParmer
magneticstirring hot plateFigure3-2), and therthe conversion solutian a beaker was heattmla targeted
temperature (29, 5 , 75 ). Graduated cylinder and mass scakye ugd tomeasurghe amount of
water and chemical reagemsededrespectively.
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Figure3-2 Mn-P conversin process on a magnetic stirrer witheat plate

(2) Adjustment ofpH value of the conversion solution.

After stabilization ofthe bathtemperaturethe pH value of the conversion solutioeeadto beadjusted
to a targeted levdly adding potassium hyalkide (KOH) or nitric acid (HN@). A pH reader was used to
determine the pH value of the prepasedution.

(3) Chemical conversion processing

Flat muponsof Mg alloy AZ31B were immersed the solution for a certaiperiod oftime and then were
immedately washed by water and dried by siream. Coated samples should be stored in a drying oven
for subsequertesting. Aftetthecoating process, the conversion solutkastransferred to a disposal bottle

and marked carefully.

3.2.2Chromate conversion coag

This coating process is very similar to that of ##rcoating except that the bath solution was prepared by
usng manganese() sulfate monohydrate (MnSQH.0 50g/L), magnesium sulfate (MgS®0g/L), and
sodium chromate dehydrate (@€aO; 100g/L) [135][136]. It is worthnoticingthat the disposal of this bath

solution should be carefully performed because of the toxicity of chromate.

3.2.3Top coating
The Ecoating process was performed by a local campMetoKote in Cambridge, Ontario, Canada. As

explained in Chapter E-c oat i ng as a wet
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solution consisting of epoxy resin, paing assistedy an electric fieldand a step of curing in an @w to

promote more uniform distribution of the coatihgn contr ast , powder coating i
a spray gun is usually used to apply the dry powder consisticlgemicals such as epoxy resin and some

curing agnts onto the Mg surfac€uring in an oven is also necessary to finalize the coating. In this
researchpowder coating was provided by the company JP Powder Coating Inc in Kitchener, Ontario,
CanadaTwo types of powder coatings were obtaineid being cued under digh temperatureRl) and a

low temperature (P2)The specific treatment parameteaise proprietarnyand not given herd-igure 3-3

shows the imags of flat coupons and cylindrical specimens withEacoat

Figure3-3 Typicalflat coupons and cylindrical fatigue specim&rith an E-coat

3.3 Experimental Methods
After coatings weraleposited on the Mally specimensurface the fdlowing analysis and tests were

conducted to characterize the surface morphologyosion performance, and corrosion fatigue property

3.3.1Microstructural characterization

The surface morphologymicrostructure and chemicaomposition of the conversion doa were
characterizedisingPhilips XL30 SFEG SEM in the secondary electron (SE) nasderesented iRigure

3-4(a) at CanmetMATERIALS Hamiton, CanadaThe composition ahesurface and crossection ofthe

codings wereanalyzedoy Energy Dispersive Spectrometry (EDS) mapping incorporated into the SEM.

EDS was performed at 20 ke¥dditionally, the composition of theorrosion producof the Mg alloy

coupons post corrosion testingisinvestigated by-ray Diffraction (XRD)usingCuKa r adi at i on wi
BrukerD8 Discover equipped with advanced-gBtectoras presented iRigure 3-4(b) at theUniversity

of Waterloo
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Figure3-4 (a) Scanning electron microscopyd (b) Bruker D&iscover XRD machine

3.3.2Electrochemical testing

Advancedelectrochemical testing techniques includpaentiodynamic polarization and electrochemical
impedancespectroscopy (EIS) measurements were perfortoestudy the corrosion behavior of the
uncoated and coated Mg alloy coupons. The electrochemical tests were all comdac3&sPo sodium
chloride (NaCl)aqueous solutiomising apotentostat/galvanostat eld#gochemical systeniSolartron Sl
1287 and 1253 as seen ifrigure3-5) at room temperaturd traditional threeelectrode setup was adopted
with the Mg alloy specimen acting as working electrodplaéinum gauze asounter electrode, and an
Ag/AgCl electrodan a saturated KCI solutioas reference.Heexposed surfacarea of the specimen was
about 1 crh

Prior to the polarization scan and EIS measurement, each sample was immersed indtseltegin for

30minto reacha steady open circuit potentidtdcp). The potentiodynamic polarization measurement was
thenconducted by sweeping the potential fre280mV to +500mVwith respect tdhe Eocpat a scan rate

of 1 mV/s and aTafel plot wasobtained after the elecchemical measuremerats can be seen from a
typical Tafel polarization diagrafi37] in Figure3-6 (a). For Mg alloys, the cathodic branch is related to
hydrogen evolution (see Eg5) and the anodibr anch i s related to Mp all oy
While for Mg alloys with a surface coating, the anodic branch generally reveals the features regarding on
the corrosion resistance of the surface coat®myrosion current densityic4r) can be aguired by an
extrapolation othe cathodic or anodic Tafel slop back te,EFigure3-6 (b) [137] shows the polarization
diagram for a passivable system with anodic aathodic branches. At potentiahsgher than Ecor,
corrosion rate or the current density increases until the passipatential (Ep), where the activpassive

transition occursAbove the E,, it is the passive zone in which the current density istaiaed at a steady
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and low value. When the applied potential reaches a point where the current density increagetiagain,
corrosion or breakdown of the film occurs. This potential is defined as pitting poteg}ial (E

The EISmeasurement was conded using a frequency response analyzer (F&#&)the spectrum was
recorded in the frequency range of 10 mH200 kHz at an open circuit potentiaith a sinusoidal
perturbatioramplitude of 1V. The impedance data was displayed Bede plot

All the experimental data were presented in the fornthefaverag+ the standard deviation ttiree

measurements.

Figure3-5 The Solartron Analytical 128% potentiostat/galvanostat and Solartron 125&uency response
analyzer use for electrochemical testing
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Figure3-6 (a) Typical cathodic and anodicafel polarizatiordiagram (b) Hypothetical polarization diagram far
passivable system with anodic and cathodic brand$7%

3.3.3Saltfog/spray chamber corrosion test

The salt spraghambetest was performedt the corrosion lab of CaretMATERIALS, and two types of

chamber corrosion tests were used inthéearch. One is based on the standard ASTM B3B8}, which

is a static corrosion test. This tegs conducted ia chamberns presented iRigure 3-7, containing 5.0

wt. % NacCl fog withthe temperature natained at3 6 ° C

and

t he

s 0 bamteén®é.Bang H mai |

7.2. For characterizing coated Mg alloys, the scribe test based on standard ASTM [D38&5¥as

conducted and the scribed coated specimens were exposed to the corrosiveusstlt fog environment

given by ASTM

standard

B117.

The

| e n ¢ptaihed visae scr i

specialized scribing tool. The other chamber corrosion test is based on the standard SAEOR384ch

is a cyclic corrosion test. One cycletbfs test includes first 6 hours of wet exposure under 100% relative

humility (RH) at ®
0.075%NaHCQ®at 2325

In eachtest, the coupons were placiedthe corrosion chamber t

an

, followed byl5 minutes of salt spraying consisting0d5%NacCl, 0.1%Cag|
, and then 17 hours @5 minutes of air drying under 50% RH &t 5.

an3g0l’e forfonl 5t°he ve

direction Two samples were taken out each temeesired time poirtb characterize the corrosi&imetics

of the specimens. After the sdlbg or spray teshg, a chromate solution was used to clean the tested

coupons andhe corrosion products obtained fratre surface of coupons were analyzed by XRD.

calculate the weight losthe weight ofeachbare or coated sample was recorded prior to post the

corrosion test after removing the corrosion products. For the scribed coated sample, the scribe width should
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be measured from at least six points around the corrosion area and recorded to deteaweragbeust
creepage (c) following the edi@n below:

bd —— 2-15

where w represents the widthtbe original scribe prior to the chamber corrosiest and) is the mean

overall width of the corrosion zone post the chamber corrosion test.

Figure3-7 The chamber focorrosiontest

3.3.4Characterization ofarrosion pis

In order to further investigate the corrosion behavior of the coated sample, the specimen from the chamber
corrosion test above was cleaned and prepared for characteriziegribsion pits using a 3D laser
profilometeras seen ifrigure 3-8 in the corrosion lab of CanmetMATERIALShe rectangular coupon
surface was divided into four equal areas, from wlid@hcorrosionpits were selecte to determine the

average corrosion pit depth
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Figure3-8 3D optical profilometer for charactering the corrosion pit

3.3.5Fatigueand corrosioratiguetest

The R.R.Moore machine, recognized as the standard facility for rotating beam fatigue test, was used to
perform the fatigue and corrosion fatigue tests on straight shank specimens, incorporating the equipment
bringing in acorrosive environment, as®hn in Figure3-9. The machine is based on the rotating beam
principle. The specimen functions as a simple beam symmetrically loaded at two points. When rotated a

full revolution, the specimen would pass throughlbréversal of compression and tension. During testing,

the specimen’s surface is subjected to the greates
especially useful for determining fatigue properties of surface coatings. Additi@rattasyto-read digital

cycle counter is able to provida accurate display of completed cycles. By applying different loads to the

tested specimen, different numbers of cycles to failure will be generated and so-i$ tuevs.

The fatigue test was oducted at different stress amplitudes ranging from 60 MP200 MPa. Test
frequency was between -AM0 Hz. For the corrosion fatigue test, the specimens were tested at various
stress amplitudes between 40 and 140 MPa. A corrosive environment can ledablieripping a salt

solution (generally 3.5% NaCl) dovemto the specimen gauge surface through a tube from a large container
which had a controlling valve to control the solution flow rate during the fatigue testing, as can be seen in
the designed salthamber inFigure 3-9(b) [141]. The solution would be recycled by another tank
underneath the fatigue machine. The drop speed that flowed over the gauge section of the specimen was
maintained at roughly 40 ml/min during the test. To reveal the effect of the corrosive medium oigtiee fati

performance of the specimen, a fixed frequency of 30 Hz was used for all fatigue and corrosion fatigue
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tests. A test terminates whenever a specimealsror when it reaches the +out limit of 10 million cycles.
Two specimens were tested for eackstramplitude to give an average of the test results.

(b)

_—
Salt solution ;’. -
dropping

Figure3-9 (a) An Instron Rotatingpending test machine and (b) thevicedesigne for introduction of the
corrosive medium duringorrosion fatigue test
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Chapter 4 Fabrication of corrosion protective surface coating on
AZ31B

To fulfill the objectives of this research, a corrosion protective surface coating was first deposited on the
Mg alloys. MiP conversion coating is a pretty promising candidate for the replacement of chromate
conversion coatinfpr surface preparation amdrrosion protection of Mg alloyswing to the similarity of
permanganate to chromate. In this chapter, with no variation in the chemical composition of the coating
bath, and the effects of coating processing parameters including the solution pH, imtiressiand bath
temperature were investigated. Based on these results, -atage conversion coating process was
developed to obtain a higfuality Mn-P coating.

4.1 Processing parameters-microstructure-corrosion performance relationship of the Mn-P

coating

Asreviewed in literaturg¢51][142][143], the formation othe Mn-P conversion coatinmay include the
following several stages:

At first, when the AZ31 alloy is immeesl into the bath solution, the loose oxide film formed on the surface
of the substrate (Mg and Al are both highly active and easily oxidized in the air) is preferentially dissolved
according to reactions {#) and (42), leadng to the substrate exposedhe bath solution.

0 Q0 ¢cOO°0™Q ™V 4-1

o @O © ¢coa 000U 4-2
Then, theMg begins to dissolve in the solution and hydrogen evolution occurs through rea€do e
deletion of H+ by reactions {#) to (43) causes a pH increasetla¢ Mg coupon and solution interface.

Consequentlythe excess of Mg and OH will immediately precipitate in the form of Mg(Okibhrough

reaction (44) as the first layer of the coating.
DQc¢oo)iQ O 4-3
0Q O OoODHQ O 8 4-4

Next, the continuousonsumption of Haccompaied by hydrogenevolutionfacilitates the precipitation
of insoluble manganese oxide (My)@nd insoluble manganese phosphates(P@4)) through reactions
(4-5) and (46) on top of the Mg(OH)film. Dehydration of the coatgnin the subsequent dng process
results in the transition of Mg(Ok)o MgO andthusnetwork cracksre usually observeth the endthe
Mn-P conversion coating would mainly contgihasesuch as Mn@ MgO, Mng(PO4), Mg(OH). The

procesig parameters play a key role in controlling the coating thickness, compactness and compositions
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proportion, so a systematical experitted study on the effects of processing parameters on the
microstructure and corrosion performance of the®coatng is carried out.
¢-1 o1 ¢(/9v-1 8 1( 4-5

10 ¢ cO00 O0D&¢™@D 0& 00 ¥ VO 4-6
4.1.1The effects of immersionrtie
Figure 41 shows the effect of the immersion time on the coating morphology of coupons treated in a bath
at pH value of 1.8 under room temperature. It can be clearly seen from the optical imagesoatdtie
samples Figure 41 (a, c, e, g, i)) that a golderellow layer started to form on the alloy surface after 45 s.
With the increase in the imnson treatment time, the color of the coating became darker and dadker a
even a black coating was obtained after 600 s. Furthermore, the adhesion property of the coating became
unacceptable when the immersion time went beyond 180 s as the coatingldgtdyecwiped off easily.
From the SEM images, we can see that after @tgure 41 (b)), the substrate was coated with a thin layer
while some castlefects and second phase particles containing elements Mg, Al aidgdre(41 (k))
remain& uncovered. Besides, a few shallow cracks appearectinadting. With the immersion time
increased to 70 s, the coating became thicker as almost all the castwlbfelctappeared iRigure 41(b)
werealmostnot found inFigure 41(d). From the EDX resulFigure 41(m)) for Area 1in Figure 41(f),
the produced coatisgwveremainly composeaf elementdvig, O, Mn, and Pwhich corresponded to the
Mn3(PO4), Mg(OH), according taeactions (4) to (46). Meanwhile, some white compounds containing
Mn, Mg, O (Figure 41 (1)) which are likey the mixtures of Mn@and MgO started to precipitaédong the
shallow cracksMnO, and MgO are both insoluble in the aqueous solwimhthughey could preventthe
outside corrosivepeciegrom penetratinghrough thesshallow crackaind reachintheMg substraté51].
At 90 s of the immersion time, wider crackdgure 41 (f)) formed in the coating, whiclwould reduce the
corrosion resistance of the coating. After 90 s, cracking issue became more severe and the adhesion property

of the coating was deteriorated, as showRigure 41 (h, j).
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Figure4-1 The optical (a, ¢, e, g, i) and SEM (b, d, f, h, j) ima@d&O0x)of the MnP coated AZ31B alloy samples
obtdned after various immersion time in a solution at pH 1.8 under room temperature: (a)(b) 45 s; (c)(d) 70 s; (e)(f)
90 s; (g)(h) 180 s; (i)(j) 600 s.(k)(in): The EDS results for corresponding spaiot2 and arealn (b)(d)f)

Potentiodynamic polaation test was then performed on coated Mg alloy coupons to investigate the effect
of immersion time on the corrosion performance of the coating. The corrosion potential and corrosion
current can be obtainedofn the polarization curve. Corrosion potahfiEe.r) is defined as a potential at

which the anodic reaction rate equals the cathodic reaction rate and thus no net current flow occurs; It
generally gives a corrosion tendency of a given material and can be measured from the potential difference
between a redrence electrode and the surface of a njgtél]. Corrosion current is the dissolution current

at Eor; It is proportional to the corrosion rate. A smaller cdoogurrent indicates a lower corrosion rate

and betr corrosion resistance. As can be seen frigre 42, the corrosion potential of all the codte
samples shifted towards more noble direction and lower corrosion current was seen for all coated samples
compared d the bare substrate, showing improved corrosion resistance resulted from the coating. The
change of corrosion potential of the coated dampas not monotonous with the increase of immersion
time. For instance, the corrosion potential of the sample ddatel5 s was1.389 V in contrast tel.486

V for the bare substrate. When the immersion time increased to 70 s, the corrosion ptémiabated

alloy became more noblel(287 V). However, after 70 s, the corrosion potential of the coated allbgdst

to decrease (became more negative) with the further extension of immersion time. Therefore, the
potentiodynamic polarization resuksiow that the sample treated for 70 s exhibited the best corrosion
resistance among all coated samples. When the risionetime exceeded 180 s, thicker coatings were
obtained but with more defects and cracks, which led to lower corrosion resistance andegaiive

corrosion potential. The results are consistent with the microstructural analysis figove4-1).

In summary, with the increasing immersion time, the coating grew thicker and more corrosion resistant.

Simultaneously, the content of corrosion resistant precipitates containi@g &hd MdO in the coating
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increased awell. However, when the treatment time was too long, the corrosion resistance of the coated
samples would decrease due to the formation of large cracks in the coaentprmation of crackss

caused byhetensile stresdeweloped in the coatindue tovolume contraction during the sulggentdrying
processLarge volume contraction for the caseathicker coatingresulted inmore residual tensile stress

in the surface coatin@?2]. Therefore, an optimum conversion treatnéme exists for a given bath under
certain pH and temperature conditions. In the above case, where the sampbatedsn a solution with

pH 1.8 at room temperature, the optimum immersion time is no more than 90 s.
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Figure4-2 Polarization curves for theare and coated AZ31B samples treated after various time periods in the
coating bath at pH 1.8 under room temperature.

4.1.2 The effects of pH value

Bath pHis reported to significantly influence the surface morphology and thickness of tifeddating.

This ismostly related to the reaction rate promoted or retarded'lmphtentrations in the bath solution.
To investigatethe effects of pH on the kriostructure and corrosion property of the-Mltoating, AZ31B
alloy specimens were treated at three pH valués 213, and 2.8) for 90 s and at four pH values (1.8, 2.0,
2.5, and 3.0) for 3 minFigure 43 presents the surface morphology of the coated AZ31B alloy obtained at
various pH values with an immersion time of 90 s. As can be seen from the SEM images, at bath pH 1.8,
a crystalline surface coating was deposited on the surface of the AZ31 allayaryaracks in the coating
were seen on the sample surfdeigre 43(a)). Dehydration in the dry procesauses the shrinkage of the
coating volumewhichinducesinternal tensile stressaad thus generate a numbécikacks.Surface cracks

are detrimental to the coating because they wallbdv the outside corrosion species to penefrdtethe
substrat¢51]. However, if a thick coating was formed, it is still possible that the craisexisted on the

outer layer of the coating and may not penetrate through the entire thickness of the Eoathmgsample
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treated at pH 2.3, surface grooves of the substrate and second phase precipitates from casting were still
visible on the samplsurface, indicating that the coating was very ttiiggre 43 (b)). However, no

cracking was seen in the coating, which was different from the commonly seen feature® aoslings
published in literature. Indaition, there was no white compounds found indb&ting like those appeared

in the coating treated at bath pH 1.8. With the bath pH increased to 2.8, more apparent abrasion grooves
were observed on the sample surface, which suggested that 90 s slasrtdo form a thick enough and
corrosion resistancoating layer on the sample surface. This was also confirmed by the results of
potentiodynamic polarization tests, as presenté&dguare 44. It canbe seen thtaeven though there existed

a few wide cracks, the coating obtained at bath pH 1.8 showed a higher corrosion potential and lower
corrosion current than the other two coatings obtained at higher pH values, which manifested the
importance of theoating thi&ness. In contrast, the samples treated in the solution with pH 2.3 and pH 2.8
had similar corrosion potentials and corrosion currents. Their corrosion potentials are only slightly higher
and corrosion currents slightly lower than those ofiiiee substita, which can be attributed to the small
thickness of the coatings (i.e. a very thin coating layEme bath solution witla low pH value would

provide a higher concentrations of hydrogen itorsaccelerdhg the reaction (4) to produce aarger
amountof Mg?* thana bath solution with bow pH valueunder the same immersion time. In this way, more
content of Mg(OH) would be generated in the conversion coating. Meanwhile, pathty of hydrogen

ions deleted, moreontent oMnO. and Mry(PQy)2 are acqired throughthe reactios (4-5) and (46). This

explains why a low pH value generally increases the thickness of tHe ddating.

HV | Mag Det| WD HV | Mag [Det WD

20 kV|1000 x SE[9.9 mm 20 kV|1000 x|SE 9.9 mm —20 pm—
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Figure4-3 SEM images of the surface morphology of tieatings obtained at various pH values and 90 s of
immersion time: (a) pH 1.8; (b) pH 2.3; and (c) pH 2.8
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Figure4-4 Potentiodynamipolarization curves for the bare AZ31B and coated samples obtained at various pH
values and 90 s of immersion time under room temperature

Figure 45 and Figure 46 give the results of the SEM surface analysis and polarization test for the samples
coated for 3 min (180 s) at various pH values (18,25, and 3.0). A similar trend like that for the above
mentioned 90 s of immersion tino@ the coating microstructure was observed: thick coatings with severe
cracking were obtained at low pH values while thin coatings with few or no cracks were alatiaivigh

pH values. The coating generated at pH 3.0 showed the highest corrosion mesistapared to other
coatings obtained at lower pH valudsigure 4-6), which probably can be ascribed to its improved
compactness and higher coating thickness when the immersion time was relatively long (3 isiin). It
interesting to note that the sample obtained at pH 2.0 exhibited better corrosion resistance thatethat tre

at pH 2.5. This might indicate that for the enhancement of corrosion resistance the role of coating thickness
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can outweigh that of coating cgaictness, since the specimen treated at pH 2.0 had a thicker coating but
with more cracks than the specimesated at pH 2.5.

In summary, the effects of bath pH on the coating include: (1) a thicR wating can be formed on the
surface of Mg alloy AZ3B in a very short duration if treated in a gk bath (below 2.0) while it requires
much more time to prodea relatively thick coating layer if treated in a hjgt bath (above 3.0); (2) the
coating obtained in a lowH bath tends to have wide cracksldow compactness while the coating built
in a highpH bath tends to be dense and have no significant ci@}kbe integrity (i.e. extent of cracking),

thickness and compactness of the coating are the main characteristics that determine its cerstesime re

HV | Mag Det| WD HV | Mag Det| WD
20 kV|1000 x SE |10 mm —20 pm— 20 kV/1000 x SE |10 mm

HV | Mag Det| WD HV | Mag Det| WD

25kV[1000x SE11mm —=20pm—  W25kV/1000x SE[10.1 mm
Figure4-5 The SEM images of surface morphology of the coatings obtained at various pH values with immersion
time of 3 min: (21.8; (b) 2.0; (c) 2.5; and (d) 3.0

52



Bare alloy

LB AL LLELRLALLL | RIS | R ALLLL v Ry LAFULELRALL L LT
1E-8 1E-7 1E-6 1E-5 1E-4 1E-3
I(A/cn12)
Figure4-6 Potentiodynamic polarization curves for the bare AZ31B and coated samples treated at variouspH valu
with immersion time of 3 mimnder room temperature

4.1.3 The effects of temperature

To study the effects of bath temperature on the performance of tHe ddating, AZ31B alloy samples

were coated under three differ 80andimmearspretima ofdd es ( 2
min. The results of the coating microstructure analysis and potentiodynamic polarization tests are given in
Figure 47 andFigure 48, respedavtely. It can be clearly seen froRigure 47 that higler bath temperature
damaged the coating. At 20 , a continuous coatincg
In contrast, as the solutionteeyp at ur e i ncreased to 50 , a few |l arg
became the passagewdgs corrosive ions to penetrate the coating. Furthermore, when the temperature
went up to 75 , cracking in the c oaiigithickpesbseetnadme mu c
to also increase with the rising temperature. As reactiors @hd (46) are endothermic, higher

temperature accelerated this process and hence improved the coating thickness.

The results of the potentiodynamic polarization téstsome extent validated this hypothesis. As can be

seen from th&igure 48, the coating obtained at room temperature displayed the highest corrosion potential

and lowest corrosion current owing to its dense aadkdree microstructure, which was in accordance

with the expectation. The corrosion current of th

than that of the coating obtained at 50 with mu
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Figure4-7 The SEM images of surface morphology of coatings obtained under various temperatures at bath pH 3.0
and immersion time of 10 min: (a) rocemperature; (b) 39 ; and (c) 7N

To sum uptheincreag in immersion time antlath temperaturboth led to an increase the coating
thicknes, which means enhancement in corrosion resistitmeever serious cracks in the coating were
alsoinducedduring drying proceswith the risingcoating thicknessThereforea compromise between the
coating thickness and coating quality, especially the extent of cracking, is needed to identify the optimum
bath temperaturéNote that since the increaseimmersion time and bath temperature batbnmote the

growth of thick coatings there may exist more than one set of optimal coating processing conditions. In
other words, similar coating thickness and quality can be achieved via the combination ofea sho
immersion time with a higher bath tempeira or a longer immersion time with a lower bath temperature.
However, experimental trials have shown that it is quite difficult to achieve the fine balance between various
factors and produce high quality casion protective MfP conversion coatings vaonebath/onestage
process.
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Figure4-8 Potentiodynamic plarization curves for the bare epated AZ31B samples treated under various
tempergures at pH 3.0 and immersion time of 10 min

4.2 A novel two-stage conversion process

4.2.1The model ofnovel twastage conversion process

Based on the above research results, astage conversion coatimgocess was proposed to deposit the
Mn-P coating with lege thickness, high compactness, and less cracks on the surface of Mg alloy AZ31B.
The procedure of this conversion coating process is described as follows: (a) immerse the bare alloy first
into a lowpH bath (1.8 for this study) for 666 s (Low pH treatmnt), in which process the bare alloy
would be covered by a layer of Mh coating with high thickness and a few large cracks; (b) then, after
washing in pure water, put the same sample into anothérosowith high pH value (3.0 for this study)

for 10 min (High pH treatment). In the®bath treatment, another thin and dense coating will be deposited
on top of the thick coating formed in the first step. These two steps are both processed at recatuiemp
Through this twestage conversion process, ackhMn-P coating with few large cracks and good
compactness is expected to be formed on the surface of Mg alloy AZ31B, as illustiEitpaénd9. The
following section is going to present the characterizatisualte of the coating produced via this tatage

conversion process

Second phas
()

Defect
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Sub-coating = treatment
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Figure4-9 Schematic formingrocedure of the MHP coating obtairgtby a twestage conversion coating process:
(a) the bare Mg alloy after cleaning pretreatments; (b) after Low pH treatment (LP coating); and (c) after High pH
treatment (HP coating).

4.2.2Characterization of the twstage onversion coating

Figure4-10 shows theSEM images of theurface morphology of thigare and coated AZ31B specimens
treated viathe two-stage conversionoatingprocessimages of thawo coatingsobtained via dow pH
treatmentonly (Figure 4-10 (b)) and a high pH treatmenbnly (Figure 4-10 (c)) are also presentedor
comparison. In general, all the coatings displayedy similar surface morpholggwith networks of
shdlow cracksexcept that some cracks in the tatage coating was slightly widé~igure4-10 (d)). EDS
analysisdata Table4-1) suggestdthat the second phagarticlesin the AZ31B Mg alloy wereoxidized
after the conversionoatingprocess, as shown indgffable4-1. And it can be seen froffigure 4-10 that
moreoxidized second phagmrticles were seern the coatingrom thehigh pH treatment (HP coating)
than in the coating from tHew pH bath (LP coating)The fact thathlte second phase particles can be seen
on the coating surfadadicakes thatthe coating was quite thin. The most ietging aspect ahe EDS
results is that some manganese oxides were also detected in #hiage@conversion coating (spot D in
Figure 310d). Manganese oxides (MnO/Mg)Xare generally more corrosion resigtthan MgO and ADs

[51]. Therefore, this twestage conversionoatingprocess has the potential pooduceMn-P coatingof
enhancedorrosion resistance, as compared to a sisglgeconversiorcoatingprocess. Additionally, the
thickness of eaclype of coating could be evaluatefrom the weight gain of the coated samples, as
presented ifrigure4-11. It is distinctly demonstrated thdtetwo-stage conversion coatingdidoe highest
thicknessand theHP coaing film was the thinnesindicatingthatthetwo-stage conversiotoatingprocess

can be used to grow thick and corrosion resistanPMioating on Mg alloys.
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Figure4-10 The SEM images of surface morphology of the (a) bare alloy and coatlngs obtamed via the (b) low pH
treatment (LP coating), (c) high pH treatment (HP coating), and (dtage conversion treatment.

Table4-1 Chemical compositiofatm.%pf the compounds indicated in Figutel0

Spot Mg Al Zn Mn 0
A 90.65 6.88 2.47 / /
B 90.50 3.69 3.81 / 2.00
C 67.64 19.01 12.18 / 1.16
D 50.45 9.45 2.31 25.04 9.79
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Figure4-11 Weight gain of the samples after being treated by various conversion coating processes

4.2 .3Electrochemtal test

Figure 4-12 shows the potentiodynamic polarization curves of the various conversion coated AZ31B
specimeni 3.5wt.% NaCl solutim. As can be seen in the figure, the polarization curves of the conversion
coakdspecimenshiftedtoward the lower current direction (leftignificantlycompared to tht of the bare

alloy, indicatingthat boththe anodic and cathodic reactoowere inhbited and hence the corrosion
resistance of the AZ31Bageffectively impioved by the conversion coating. Moreover, it can be observed
that a passive regiomwhere a low corrosion current density was achieved between the active oxidation
regionand the brakdown potential keay occurred in the anodic polarization branch ofabated samples.
Once the applied potential became more positive tti@breakdown potentiala, the corrosion current
density increased rapidly. Among all coated samples, Bhedating exhibited the larggsassie region.

From the polarization tesesults we can seabatthe HP coatingand twastage coating showed similar

corrosion behavior, and both were more corrosion resistanthibaP coating.

Electrochemical impedaacspectroscopy (EIS) was theredso further study the corrosion resistanof

the coated samples. As can be clearly observed froBdte plots(Figure4-13) of various conversion
coatings and the bare alloy, the tatage conversion coating exhibited the highest impedsaatges inhe

low frequency rangeThe impedancis a measure of the ability of a circtit resist the flow of electrical
current. Electrochemical impedance is measured by applying a small AC potential excitation to an
electrochemical cell and then measuring theenirthrough the cell. The Randles cell, consisting of a
solution resistance sRa double layer capacitorzCand a charge transfeg:Rr polarization resistance,R

is one of the most common cell models that are used to represent an electrocheraicgl $¢ktFigure

4-14 shows the equivalent circuit simulation of the bode plot for thest@ge conversion coating. &1d
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Qc represent the coating resistance and capacitance, rgspedtfigher impedancen thelow frequency
rangesuggests digher charge transfer or polarization resistance, and thus better corrosion resistance
Therefore, from th&lS point view, the twestage conversion coating shows best corrosion resistance
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Figure4-12 Potentiodynamic polarization curves of the bare alloy and various conversion coated samples
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Figure4-14 Equivalent circuit model for the simulation of the bode plot of thedtege conversion coating

4.2.4Salt spray test

To characterizdong-term corrosion performances of the coated specimeal, spraychambertest
accordilg to SAEJ2334standard140] wasconducted for up to 168 hrBy visual examinatiorof the
conversion coated and the bare alloy samples as shdvigure4-15, we observedhatafter 96 hoursof

testthe main corrosion moder the bare allogpecimerwas general corrosiomhile only some corrosion

pits wereseeron the surface of LP casdand HPcoatd sampledn particular, only several small corrosion

pits were found on the suda ofthetwo-stage conversion caat specimen after 96 houfsurthermore,

as the tegtg durationwent up to 16&, much worse general corrosion occurred on the &ldmg and
corrosion pittingon the LP coadand HP coatd coupondecame more severettvian increasedumber

of pits. In contrastthe corrosion ofthe two-stage conversion caat coupordid not deteriorate so much

with the increasing testing timd@he arerage corrosion pit depth for the bare alloy and various coated
samples were presentedFigure4-16. Again, it can be clearly seen that the 4stage conversion coating

had the least corrosion pit depth at almost every testing time point as compared to the other two coatings.
With dense miarstructwe and a larger thickness, the tat@age conversion coating is more resistant to
breaking down caused by the penetration of corrosive species to the substrate. Interestingly, from the
perspective of corrosion pit depth, the bare alloy seems tbieshmilar good performance to the two

stage conversion coating. This may attribute to the uniform oxidized film formed on the surface of the bare
alloy during the corrosion. If corrosion pits can act as a stress raiser to initiate the corrosion fatigue c
propagation, it seems that there may be no big difference in the corfagre crack initiation time and
corrosion fatigue lifdoetween the bare alloy and the tatage conversion coated alloy samflbus, in

order to enhance the corrosion fatdiie o the Mg alloy, it is necessary to use a topcoat on the conversion
coating to provide further corrosion protectidn. addition, the corrosion products that covered the
corrosion pits were analyzed using XRD and it turned out that most of thelig{@sl),, as seen ifrigure

4-17. Considering thehemical compositioof the surface coating, this product may arise from the coating

or the corrosionfothe Mg substrater both No peaks fophases such as MiPO4) or meal oxideswere

found in theXRD data ofcorrosion products. This may béributed to the low content of elements P and

Mn, asshownin Figure4-1 (m).
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Figure4-15 Optical images post salt spray test of the bare alloy and various conversion coated samples: (a)(b) bare
alloy; (c)(d) LP coating; (e)(f) HP coating; (g)(h) Tvetage coating(a)(c)(e)(g): tested for 96 houks)(d)(f)(h):
tested for 168 hours.
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Figure4-16 The results of corrosion pit depth measurement for the blaseaaid various conversiaoated
samples. Coatingl: LP coating; Coating2: HP coating.
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Figure4-17 XRD diffraction pattern for the corrosion prnacts from theAZ31B sample after salt spray testing

4.2.5Corrosion fatigue test

Corrosion fatigue test results for various coated samples in 3.5% NacCl are slriguned-18. The fatigue

test result of bare AZ31B inraivas also included for comparison. It can be seen that the effectsoait E

and MnP+E-coat on the fatigue life of the Mg alloy specimens in tbeasive environment became
increasingly evident with the decreasing stress amplitude usingNloa&e d the bare alloy as a baseline.

This means that the stress factor dominates the corrosion fatigue life and the effect of the corrosion factor
is inggnificantin the high stress region. While in the low stress region (below 80 MPa), corrosion plays an
important role in determining the fatigue life of the metal. Good corrosion protection can significantly
improve the fatigue life of the Mg alloy in tlterrosive environment. Because only one valid set of data is
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available for MAP coating (limitation of avéable samples), the effect of M coating plus Eoat cannot
be clarified here. But it can be deduced that thisstage conversion coating pluscBat significantly
improved the fatigue life of AZ31B in 3.5% NaCl solution. Lastly, it can be noted vest with the

protection of surface coatings, the fatigue life of AZ31B in 3.5% NaCl under most of the stress levels was
still not as good as that tife bare alloy in air. This is probably due to certain reasons such as the mismatch

of mechanical strengthnd other properties between the coating and the alloy, the weak adhesion of the

coating, and insufficient protection against corrosion in thesealtion provided by the surface coatings.

Overall, fom the resuftof the electrochemicalests,salt sprg chambeitess, and corrosion fatigue tests

it can beconcluded that the twstage conversionoatingprocess was able to provide a thick and dens

coating for the AZ31B Mg alloy witlbetter corrosion resistance than the coatirigfainedvia a single

conversioncoatingprocess (LP coating and HP coajing

140 Hm A

120 -

—_

o

o
)

Stress/MPa
3
1

60 |-

40

4 > o n

AZ31B
AZ31B in air
AZ31B+E-coat

AZ31B+Mn-P+E-coat

10°

4.2.6Summary

10* 10°

10° 10’

number of cycles
Figure4-18 Corrosion fatigue test results in 3.5% NacCl for various coated AZ31B and f&esfjudata for the bare
AZ31B specimens

A two-stage conversiomoating process, namelythe treatmenin a low pH solutionfollowed by an

immediatetreatmenin a high pH solution, wadevelopé to deposit dhick and denserotective surface

coatng on Mg alloy AZ31BResults of th&SEM analysisglectrochemical teisig, and salt spraghamber

tesk exhibitedthat the two-stage conversion coatititad better corrosion performances than eitfiehe

two types ofsinglestageconversion coatingP and HP coatings)
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Chapter 5 Evaluation of corrosion protection methods

Oneof theobjectives of this research i® produce a robust coating system on the Mg alloys for corrosion
protection[43]. A topcoat, as a part of a typical coating systemaJnsostalwaysnecessary to achieve a
high-quality surface finish bMg parts. Ecoating and powder coating were botbugght into this research

to investigateheir effectiveness oprotection othe Mg alloysin addition tothe Mn-P conversion coating
developed in tid work thechromate conversion coating and mier@ oxidation (MAO) coating thatave

studied byanother studerifuna Xue[146] in our group were also introduced in this chapter for assessing

the efficacy ofvarious corrosiorprotection methodsor different Mg alloys. Table 5-1 listed all the
investigated base materials and corresponding coating system. Salt spray test and scribe test were used to
characterize their corrosion perfornsanand SEM/EDS for the cresection microstructurelhe weight

loss of each sample from sglray test was alsaneasured

Table5-1 The investigateddse material and corresponding @ogisystem for corrosion performance evaluation

Base material Surface treatment Topcoat

None E-coating
AZ31B C*

Mn-P E-coating

None E-coating
AZ80 C

Mn-P E-coating
ZK60 EF* CccC Powder coatingl (P1)
ZK60 EF MAO Powder coating2 (P2)
AZ80 EF MAO Powder coating2

Notes: * C: castalloy, *?EF:e x t rusi on/ f orged at 250

The corrosion properties tife three investigated Mg alloys were studied by Yuna[X4g in our group.

As she explaied, a amount of Al content in AZ80 leads to the formation of a continuous nwork h a s e
(Mgi7Al12)  al ong t h e-matrix grairtbat daracs as edrroswonbarrier, which make it more

corrosion resistant than AZ31. Similarly, a continuousvoet of 3 - p h(MgZ®) i s f or med i n
matrix of ZK60, which can as well server as a corrosion shelter. Moreover, the electrode potential.of MgZn

is highe than that ofMgi7Al 1., S0 ZK60 shows better corrosion performance than AZ80. Briefly, the

corrosion resistance increases in the order of ZK60>AZ80>AZ31.
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5.1 The coating system with E-coating as a topcoat

E-coating as a topcoat is commonly used for surfadsh of Mg parts in vehicles. This cesffective
surface technique capable of coating commemponents attracted our first attenti@onsidering the
availability of Ecoating facilities and expeise we sought help from a localompany MetoKote
(Cambridge, Ontaripfor applying Ecoating on our Mg alloy specimerfsigure5-1 gives an example of
the crosssectioral microstructureof the Ecoating on the MAO coated AZBlalloy [146][148]. It can be
evidently seen that the caaj system comprised of an underlayer of MAO coatingl a top Ecoating.
The thickness of the-Eoating was about 27 m.

20pm

Figure5-1 SEMimage ofcrosssectional microstructuref the Ecoating(E-painting on the MAO coated
AZ31[148]

The MnP conversion coatingrocess developesh AZ31B alloy wasutilized totreatAZ80 alloy [149].
For comparison, the base material with thedating alone was aldested Figure5-2 shows the ofical
images ofthe Mg alloys specimens with various coatingZ31B+E-coating, AZ3B+Mn-P+E-coating,
AZB80+E-coating, and AZ80+MiP+Ecoating prior to and posthe scribe test andalt fog(5.0% NacCl)
corrosion test (ASTM B117pr 7 days. The Eoatingwere uniformly deposited on all the substrates with
or without MnP conversion coatin@rigure5-2(a-d)). However, after testing for 7 days in the salt feigh
corrosioninitiatedfrom both the scribe line and teedge othesamplesall the samples corrodéd varying
degres (Figure 52(e-h)). The scribe line exposed the substs underneath the protective coatirigghe
corrosive mediunthus corrosiorpropagateaasily around the scribe lin€he edges of #hsample wre
also weak areasusceptible to corrosion initiatitsecausét is difficult to obtainuniform coatingsn these
locations. Specificallythe AZ31B+Ecoating specime(iFigure5-2(e)) exhibited the mostevere corrosion
among all tested saptes with most of the coating peeled off around the scribedTlhisclearly indicated
that without the surface treatment/preparation of the Mg alloy via a conversion tbatauthesive bonding
between the AZR alloy and Ecoatingis rather weak, anithus insufficient corrosion protection is attained
Whenthe Mn-P conversion coating wapplied on the Mg allogs an underlayer, the adhesion of the E

coating to theubstratevas improvedignificantly and a much lter corrosion resistance was sé€igure
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5-2(f)). The test results on AZ80 alldiFigure5-2(h)(g)) further confirmed the necessity @surfacepre-
treatment such as themversion coating or MAO coatingior to the Ecoating procest ensurestrong
adhesion of the topcoat and rebprotectionagainst corrosiont is worth noting that the high surface
roughness of the MR conversion coating with shallow cracksgure4-10) is beneficial for mechanical
anchoring of the topcoat and thus would enhance the bonding-¢batEo the alloyIn addition, the
corrosion properties of the Mg allsubstratealso play an importantrole in determining the corrosion
performances of coategpecimensThe coaedAZ80 alloy specimenéFigure5-2(g)(h)) apparently showed
better corrosion performance thtreir correspondingdZ31B specimens with the sameating system
(Figure5-2(e)(f)). This is because AZ80 alloy has a much higher content ahdlthus a large amount of
Bphase. D e s p i -phase tah act ab siloctl cathdda and iicrease the corrdsiohn ttee Mg
alloy,i t can al so functi onmmaatsr iax ciosr rloasri gphdsgbs5aHi&Ni eerre d fb
AZ80 alloy with the MRP conversion coating plus andgating showdthe best corrosion perimance

among all tested specimens

Overall, thecorrosion performancesf coated Mg alloysre determined bgombined effects of various
factors includinghe corrosion susceptibility of the substrathustness and protectiveness ofghegace
coating,and theadhesion strength of the coating to the substiZ80 shows high corrosion resistance
than AZ3B alloy. Theapplication of theMn-P conversion coating not onprovides moderateorrosion
protectionof theMg alloy substratesbutalso prepares the metal surface for stragigesie bondingof the
E-coating. Howeverthe Mn-P coatingdoes not have selfealing naturg47][67], as has the chromate
conversion coatingyhichleads to easgropagation of corrosion along the coating/substrate inteofame
the coaing system is damagdde. scribedhrough) The E-coating indeed provides fairly good corrosion
protectionand satisfactory surface aesthetimst considerable corrosion was still seen on the coated Mg
alloys post 7day salt fog corrosion test (Figure2d. Therefore, in tB next stage,lzomate conversion
coating with sekhealing ability and high corrosion resistant MAO coatpigs the powder coatings
topcoatwere applied to the forged AZ80 and ZK&lbys

' |
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Figure5-2 Optical images ofoated Mg alloy coupons-@ prior to and (éh) post the scribe andday salt fog
corrosion test(a)(e) AZ3B+E-coaing, (b)(f) AZ31B+Mn-P+E-coating, (c)(g) AZ80+Ecoating, and (d)(h)
AZB80+Mn-P+E-coating
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5.2 The coating system with powder coating as a topcoat

Figure5-3 gives theSEM imageof the crosssectional microstructuref the CCC coated ZK60, MAO

coated ZK60, and MAO coated AZ8@th a topcoat of powder coatir{f is noteworthy to mention that

no CCC coated AZ8Bpecimers presentetiecause¢he CCC processing developed for ZK60 did not work

for AZ80 alloy). It can be cledy seen that the cdafy system consisting of two dense and uniform layers

were formed on all threfelg alloys. The EDS analysislata(Figure5-3(d)) for point 1(CCC on ZK60)in

Figure5-3(a) revealed that theCClayer was mainly composed of elements Mg, O a8dMn. Similarly,

the elemental composition of the MAO coating investigated in this researdinly Si, F, OandMg, as

shown in theeDSanalysigesults(Figure5-3(e)) of thepoints 2 and 3 irFigure5-3(b)(c). Furtheranalysis

for possiblephass in thesaindercoatsould be found previous literature and in Yuba s work[148].

On the other handhe sole EDX analysis fahese undercoatgeto ensure that the coat systenindeed

composed of two layers and the undercaaas@CC and MAO) were not removed during the subsequent

powder coating procesthe average thicknessthie powder coating ikigure5-3( a) , (b), (c) ar
48. 7Pum, and 63. 2pym, respectivel y. T h e-goatiegr e r ou g hl
thickness of the CCC, P#H9 Ogumd RZ sgpreectliO.edpym, 12. 8
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Figure5-3 SEM images of crossectional microstructure of the (a) CCC coated ZK60, (b) MAO coated ZK60, and
(c) MAO coated AZ80 with a topcoat of powder coating; and EDS results foeliheted areas: (d) point 1 and (e)
points 2 and 3.
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Salt spray testis per SAE J2334 standavds conducted to characterize the corrosion perforrsariche
threeMg alloys with different coatingsFigure 5-4 showsthe optical images of the coated coupons that
were tested for 7, 14, 21, 28, 35, 42, 63, and 77 ddysach time point, two repetitive specimens of each
type were taken out of the salt spray chamber for observation and weight loss measiecasaieseen
from Figure5-4(al) (b1) (cl)after 7 days of salt spray tesl thecoatedsample surfacegmained intact
After 14 days of salt sprayhere vasstill no signs of corrosiomn all the threealloy samples (Figure
5-4(a2) (b2) (c2)). Ashetest duration increaslto 21 or even 28 daysnly very limitedlocalizedcorrosion
occurredat theedges of the samp(€igure5-4(b3) ard Figure5-4(a4)). Whenthe testime extendedo 35
days, we could see severe osion occured on one of the two repetitive samples around the hole (needed
for hanging the coupon during powder coating procesdeddy the plasticine, whikhe otherspecimen
did not corrale so badlyFigure 5-4(a5) (b5) (c5). Thesevere corrosion was likely caused by the bad
sealing ofthe plasticineand could not represent the efficaafythe protective coatingimilar resultsvere
also seen in the sampliested fod2 days(Figure5-4(a6) (b6) (c6). Dueto the shortagef specimensno
CCC coated ZK 68pecimens were testbdyand 42 days. Fahe MAO coated ZK60 and AZ&pecimens
with powder coatingalmost nocorrosbn was seemvenafter 77 daysof salt spray testing, especially on
the coated AZ80 coupoiiBigure5-4(b7)(c7)(b8)(c8). The weight lossof the Mg alloy couponper cubic
centimeter as a function tifie exposure timeo salt sprays given inFigure5-5. Generally, all the three
types ofsamples shoadno weight loss witim the first21 days andhen some but still prettjow weight
loss beyod 21 days, which is consistent with the resoftde visual inspections. Specifically, the highest
weight loss for the CCC coated ZK60, MAO coated ZK60, and MAO coated stBQpowder coating
was0.64 mg/cm (after35 days), 0.08 mg/cr(after28 day), and0.6 mg/cm (after42 dayg), respectively.
The results of the weight loss measurement indicttatithe MAO coated ZK60alloy with powder
coating2 has the best corrosion performance.
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Figure5-4 Optical images of the coated samples after salt spray test for 7 days: (al)(H¥)@4ays: (a2)(b2)(c2);
21 days: (a3)(b3)(c3); 28 days: (a4)(b4)(c4); 35 days: (a5)(b5)(c5); 42 days: (a6)(b6)@dys6@7)(c7); and 77
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days: (b8)(c8). (&h6) CCC coated ZK60 with powder coatingl;-{i) MAO coated ZK60 with powder coating2;
(c1-c8) MAO coated AZ80 with powder coating?2.

Weight loss vs exposure time
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0.2
0.1
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0 7 14 21 28 35 42
Days

ZK60+Cr+P1 ZK60+MAO+P2 AZ80+MAO+P2
Figure5-5 Weight loss as a function of exposure time for the three typesabéd Mg alloysamples

To further characterize the adhesive propenty protectivenessf the powder coatinga 0.5 mm wide
scribe line was carved in the central of each sample according to standard ASTM THi§ fdethoduses
corrosion creepage perpendicular to the scribeabreguantitative measurement of corrosion performance.
The less corrosion creep on either side of the scribe, the higher the corrosion regidbaties corrosion
performanceFigure5-6 shows the optical images ¢fe scribed couporexpogdto 5% NaCl fog(ASTM
B117)for 7, 14, 21, 28and 35 days. It can be clearly seenkigure5-6(al) (b1) (cl) that no general
corrosion and no rust creepagjengthe scribe line occurreafter testing for 7 days, which is much better
than those samples with-ddating inFigure 5-2. This canbe attributed to the stroegadhesion of the
powder coating to the CCC and MAO coatintpre robuspowder cating with larger thicknesas well

as thebettercorrosion resistare of theforged ZK60 and AZ8®ubstratesWhen test duration goes up to
14 days, slight corrosiocan be seem localized ares, andthe scribe linggrew wider due to corrosion
creepagdFigure5-6(a2) (b2) (c2). After 21 daysof testing the coated coupons startedstoow corrosion
propagated much furthéom the scribe linavhile the width of the scribe line bdittle change Figure
5-6(a3) (b3) (c3)). When theesttime reachd 28 daysthe corrosioncreepage on MAO coated ZK60 and
AZ80 coupons with powder coating expanded to macher areas anble@me evenworse after testing
for 35 dayslin contrasg, the CCC coated ZK66oupons with powder coatirghowed much less corrosion
creepage andettercorrosionperformance thathe other two types of coated coupons (MAO coated ZK60

and AZ80 coupons with powder coating) at almost all test time poiris is probably related to the
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excellentself-healing ability of CCJ67], which would prevent the penetration tifie corrosive species

and inhibit the growth of rust creepagiethe scribe line

Overall, Ecoat as a topcoat is nas effective as a powder coatimgthe case ofhe pretreated Mg alloys

for corrosion protectionThe best corrosion performance without a scribgs provided by th&AO-
powder coatingsystemon the ZK60 alloywhile CCGpowder coatingsystem could proviethe best
corrosionperformancdor the ZK60 alloy with a scribeCorrosion fatigue tests were conducted by Yuna
Xue for various coating systemsth E-coat as a topcoalt was found that the coating systems involving

a MAO coating showed a poor corrasifatigue resistandeecause of the ceramic brittle structure. More
corrosion fatigue testen othercoating systems with powder coating as a topcoat needs to be further

conducted.
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Figure5-6 Optical images of the coatsdamples after the scribe and salt spray test for 7 days: (al)(b1)(cl); 14 days:
(a2)(b2)(c2); 2 days: (a3)(b3)(c3); 28 days: (a4)(b4)(c4); 35 days: (a5)(b5)(c5a5pCCC coated ZK60 with
powder coatingl; (bb5) MAO coated ZK60 with powder coating21{c5) MAO coated AZ80 with powder
coating?2.
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Chapter 6 Developed corrosion fatigue crack propagation model for
metals

Experimental study on corrosion fatigue sometimes can be significanthctingiming and needs well
designed experiments agplecfic facilities. In contrast;omputationamodellingcan beavery convenient
and efficient tool for understanghg and simulang the corrosion fatigue behaviolherefore, after
identification ofrobustsurface coatingystensfor the Mg alloysthecomputatbnal modelling of corrosion
fatigue behavior of the coated Mdmls has become the focus of the/éstigation Currently, most ofthe
experimendl study o the corrosion fatigue of Mg alloys literatureinvolvesrotating bending tests which
produce datasuch a SN curve andatigue strength in certaicorrosiveenvironments. These dagse not
usefd for the verification of computational modef the complexcorrosionfatigue crack propagation
behaviorunderdifferent environmeral and stress conditionn fact, experimeral investigationon the
corrosion fatiguerack propagatiorof the coated Mglbys is scarceOn one hand, Mg al{s are highly
sensitiveto the corosve environmentwhich lead to thegoor experiment repducibility and scatterof
experimendl data.Thus, a large number of tests are requiane tests such as the fracture towags test
as per ASTM sindard E399.7 even require a sample thickness that is beffundize of all available Mg
specimens in this projedDn the other handhe existing standard testimgethods are only meant for
characterizing uncoated metal and thaw experimental procedes (i.e. new surface preparation process,
new sample geometrgnd new protocol to create pteacked samples ej@re to be developed in order
effectivelycharacterize the corrosion fatigue behavior of coated Mg allay#ig endthe computatioria
modelling approach was adopted anetliade modelto explainthe corrosion fatiguerack propagation

behavior of Mg alloys will bdirst theoretically discusséad this chapter.

Environmentally assisted fatigue cracking, or osion fatigue, habeen recognized as one of the major
causes for failure of various metallic engineering materials. The synergistic effect of the corrosive
environment and fluctuated loading can lead to early fatigue crack initiation and enhanced F@@lrate

thus early facture of structures and components. Considerable efforts have been made to quantitatively
characterize and understand the mechanisms for corrosion fatigue for prediction of service life, design, and
fatigue strength enhancemen82, 123-124, 1527]. However, because of the complexity resulted from
interaction in the materiadyclic loadingenvironment system, an accurate and reliable prediction of CFCP

life still remains as a challenge.

6.1 The unified two-parameter driving force for corrosion fatigue crack propagation
An overview of the current literature suggests that the CFCG rate for a given material is influenced by three
types of variables: mechanical variables (e.g. siresst e nsi t y f, @maximanr stressaimegsgy A K

Kmax Stress ratio R, loading frequency [0)53], environmental variables (e.g. corrosive species, pH,
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corrosion potential)[154-155], geometrical variables (e.g. ckasize, crack geometry)56]. Interactions
between cyclic loadingnd environment make CFCG rate depend not only on the gitessiic stress
strain state ahead of the crack tip but also on the electrochemical reactlmnsrack tig157]. As such
CFCG involves a combination of a mechanical driving force and an electrochemical driving force.

It is customary to take FCG in an inert environment (termed as pure fatigue) asrceete analyzEFCG
[158]. I n the analysis of fatigue, stress intensity

mechanical driving force, obeying Paend Erdogafil59] CGR model:
— 0 YU 6-1

Where C and m are material constants. To account for mean stress effedt,@lwas amongst the first
researchers to propose the concept of crack closure to account for load ratio effect and used the effective
stress i nt en setas the diiving forcefor kRC&n ge AK

YO 0 0 6-2
Where Knaxand Kop correspond to the stress intensity factor calculated for the maximum lodteasrddk
opening load, respectivelfhen Kujawski [161][162] found that the effect of crack closure were greatly
overestimated and a partial crack cl@smodel should be used to address the stress ratio effect. In the
partial crackclosure model. The effective stress intensity range was modified to:

~

Yo 0 0 p - pQ 6-3
Q Qap —— 6-4
h

Where0  is the maximum stress intensity factor at thresHotda given Rratio. However, many
evidencessuggested that this is not an easily applicable method and it required some experimental
calibrations[162-165]. For example, the crack opening stress highly depends on the measurement location
relative to crack tip and technique employBaspite the fact that these cradkisurebased models can

explain phenomeno such as crack growth delays and arrests after overloads, the load ratio effect, or the
variable amplitude effect, there are still challenges in their applicdfi6fsL69]. On the other hand, other
researchers have argugt the crack closure has limited effect on the fatigue crack propagation process
since the closure takes place behind the crackltip-171]. Walker[172] proposed an effective stress

invol ving the appl i, dandttriees smaxtipru mledmegict theldad smtior e s s

effect on fatigue crack propagation and fatigue life.

” 5J/n ” 6‘5
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The above equation can be modified to the following form of effective stress intensityfactor

O YOO 6-6
Where Of>KNs considered as a material parameter and it may depend on material and environment. Daniel
Kujawski [166] proposed aimilar equation to equatior6{6) but only considering the tensile part in one
load cycle.

— 6 W 0 6-7
The significance of Kax on fatigue crak propagation was introduced by Sadanaiidé8] using a
di sl ocation model. Furthermore, a unifime@stepproac
driving forces along wit h w &ndEdath whichomust ébs pxoeeddd ng t
simultaneously for FCG to occlir74-177]. It was reported that this unified approach was able to correlate

fairly well the FCG under threshold condition and at the low and intermediate isterssties for stress
ratios ranging from1.0 to 1.0/166, 174-177].

The twoparameter driving force approach has been further extended to describe the environment assisted
FCG[177]. Thebasis for this extension is best described by the diagram shdsguire6-1. The diagram

shows how the changes in each of the two parameters influences the FCG rate. As depicted by the figure,
every .shapedcurve e pr esent s one FCG m@nthah purefatigue anchsorrasion A K a
fatigue condition. There are limiin t hr eshol d val ues f or +&afoheachf t he
crack growth rate. Lower limiting values are generally neddesach the same crack growth rate for

corrosion fatigue in comparison with the pure fatigue, which shows the detriraffatdlof environment

on FCG behavior. The figure also shows that the pe
damae that is associated with dislocation reversibjlify9]. The reducti on in AK* 1is
to the degree of restricted slip reversibility controlled by the influence of environment reactions on the
emergent slipteps[180]. Correspondingly, Kaxis the governing parameter in the static damage due to
environment. The reduction #  is because the maximum applied force required to break atomic bonds

is lowera due to environméninteractions[181]. Therefore, while the electrochemical driving force
contributed from environment cannot be directly quantified,effiect of environment on FCG can be

expressed throughqk. A Unigrow model proposed byli@ka et al.[182][183] supports this idea. This

model is based on a physical analysis of the ela#distic stresstrain history at the crack tip and thus

gives a basic understanding of faggcrack initiation and growtiMore importantly, the obtained FCG

expression was rather analogous to the previous two parameter driving force approach and could be also
expanded to deal with CFCP. However, this model cannot account for the obviousdyéguerinvolved

in CFCG.

79



*

" ;
AK Kmf};‘ da/dN increasing
da/dN,{ /7
ﬁ(KmaxllAKl)
da/dN, A
a/ 1] //R Pure fatigue
I ,,: . _
== L Corrosion fatigue
/ E - (KmaXZIAKZ)
-
da/dN
.4.:" ___ga/le /eiN;
Kmax

Figure 6-1 T h e -Kikxplot for the pure fatigue and the corrosion effect on fatigue behghsd}

In thischapter we propose a CFCP model based on the process interaction between FCG andt8€C and
two-parametedriving force while accounting for the load ratio and frequency effects. Groups of FCG rate
in vacuum, SCC velaocity in 3.5 wt % NaCl solution, and CFC@ irm3.5 wt % NaCl solution collected

from several metallic materialgill thenbe used to verify the effgiveness of this model.

6.2 Proposed Model

6.2.1Corrosion fatigue crack propagation mechanisms

It is generally accepted that miecoacks are nucleated frasoft slip bands induced by cyclic loadifig4].

The crack then propagatas a consequence of alternate plastic blunting in the loading part of the fatigue
cycle followed by resharpening of the crack tip in the unloading part, as suggjést Laird[185]. In the
aggressive environemt, however, chemical reactions at the crack tip further complicates the mechanism
of FCG. Two maistream mechanisms on which a number of CFCG models were established have been
brought forward to account for the accelerated crack growth. These areassis$sd anodic dissolution
(SAD) and hydrogen embrittlement (HE). For example, WARBE] proposed a fracture model to predict
CFCP was based on SAD mechanism. This model assumes that crack growth increwerytioad cycle
comprises two parts: one caused by mechanical damagée other one due to corrosion dissolution of a
metal at the crack tip. While the effect of HE on crack growth was acknowledged, but it was not considered
in model[187]. In a superpositichased model Kim and Mannifg?7] used HE together with mechanical

force to establish their crack propagation model. In their model, it is assumeddhagétyatoms produced

by chemical reactions diffuse into the bulk metleand accumulate at inhomogeneity ahead of the crack

tip zone. The crack is then advance at an arbitrary hydrogen penetration distance when the accumulated
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damage reaches a criticalue. However, it appears that there is no firm agreement evidenckidn w
mechanism played a more dominant role in CFCG in any ma&mi@onment combinationN82][187].
Nevertheless, it can be reasonably hypothesized that the corrosive environment as€€l&dtg both
SAD and HE mechanisms while their contribution varies in different matmatonmet system.

Based on above di s c ucdlantingresharpedinggpnoassdslawe prdpose ampew a st
model for CFCG. The fundamexs of this modehrelayed out inFigure 62. Several characteristic points

on the loading and unloading reversals in one load cycle of stigscurve is considered Figure 62

(i) are selected to elucidate the CFCG. For comparison purposes, crack advancement due to a pure SCC

Figure 62 (ii) and a pure fatigu€igure 62 (iii) in one load cycle are presented as well.

At the starting point a when no or small loads are apptig¢tig¢ crack body, the crack tipdius is small.

As stress increases to point b, a large number of aitip activated which result in the separation of the

material and the blunting of the crack tip. During this stage, hydrogen atoms produced by aleactioals

diffuse into the mat@al and pile up to replace metal atoms ahead of the crack tip. This can reduce the
cohesive strength and the surface energy required to create new crack J@9Hdé&8], thereby

accelerating the blunting process by HE. Noting that the parammeterequation(6-1) indicates the
resistance of the mat er i &19) istpropodecin theqqewenodeltcaraplesenta p a i
the deleterious effect of corrosion on the material properties. SCC does not occur at this stage because the
stress level does netxceed the critical valuedcc [189].

When stress increases from point b to point ¢, the crack continuaiiycesand the crack tip radius
becomes larger. At this time, SAD starts joining with fatiguediatribute to the ECP. Moreover, SAD at

the crack tip leads to higher stress concentrdfi®f], i.e. higher actual stress intensity at the crack tip.
This was experimentally supported by smaller crackbtimting angle in the corrosive environment
compared to those in the air and/oniacuum[191]. The effect of SAD on FCG, in the proposed new
model, is represented by the enhanced actual stress intensities which is nhgdifiedosed pararhee r 3

(Eq.6-9) in the proposed model.

After point ¢ above which SCC velocity remains constant, the fatigue crack profagtteand the crack

tip radius further increases until stress hescpoint d. When it comes to the unloading part, the slip
direction is reversed, making the newly created crack faces crushed into the plane of crack and regenerate
a sharp crack again. Simultaneously, steesssted dissolution occurring at the tip of the blunted crack
makes the crack tip much sharper, whictedarates the rgharpening process as well. Therefore, although

the crack does not propagate mechanically in the unloading part, SCC still helps advance the crack until the
stress level is decreased to point f (similar to point b) below which SCC doescnaotAs a result, the

total crack increment per cycle will be consisted of two parts:
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Yo Yo o Y® 6-8

Where¥Ya is the crack advancement per cycle from fatigue assisted by corrosidfipand is the crack

increment per cycle from SCC assisted by cyclic load
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Figure6-2 CFCP mechanism
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6.2.2Description of the proposed model

The role of SCC in every load cycle on the whole CFCP has dog#ititly characterized in the light of

different crack growth stages awdicated inFigure 62. A two parameter ori ving
inspired by earlier modeld.66][182], is used to describe the CFCP. In other wo@ISCP ratecan be
expressed as a mfsunacst iogpm oosfe Ak anhde Konly driving fo
for FCG[158]. The role of corrosion on CFCG is tfald: direct contribution through SCC; and irefit

contribution by accelerating FCG through material properties degradation. Therefore;siahec€FCG

is proposed as follows and as depidby Figure 63:

Stagel: b e f maaKecc (Bidlre 63 (a) for t<ty) below which SCC does not occur. In this stage fatigue
is the only contributor to CFCG. However, due to the presence of corrosive environment, the FCG relation
is modified by carosion, as illustrated by regiorin Figure 63(b), to the following relation:

— =G + Y+ 6-9

Where B and 6 are parameters representing the eff
material property mf in FCGgespectively. €and mf are mater a | constants in FCG, ar

parameter accounting for stress rafié2].

Stage IlI: when Ksce< B k<K (Figure 63(a) for to<t<t;), SCC starts joining FCG to contribute to the
CFCG, as shown by the region IIkigure 63(b):

— =Cf(+ Y+ +¢, 61 b Qo 6-10

Whereti s set t o tnhstartstekceedingichireome I@adcycldfigure 63a).6 i @mal n are

material constants associated with SCC.

Stage I11: wh exR= KB (Rigure 63(a) for t>t;) above which SCC velocity is independent of stress
intensity. The effect of corrosion on the driving force disappears while the influence of corrosion on

degradation bmaterial poperties remains, as illustrated by the region IFigure 63(b):
— =Cf(+ y+ +¢, 61 dd Qo ¢ 0 QO 6-11

Whereti s set t o thetarts exoeedingydineone IdadkcycleRigure 63(a)). L is the

constant SCC velocity in the plateau regiorsiHbwn inFigure 63(b).
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Figure6-3 Description of CFCP model: (@pplied load history (stresstamsity factor K); (b) the SCC velocity vs K
cur ve; (c) the FCG rate in inert and corrosi Vve

6.2.3Determination of correlation parameters in the proposed model

Apart from the usual constant employed in E@g nx, and p readily calcutad through the curve fitting

of FCG data in an inert environmefit66]; and SCC parametersisé&e and n obtained by a similar
experimental curve fitting using SCC d&i®9]; thee are four other parameters introduced by proposed
model : correlati on par amaeandg Deernfnatianofithede fourgparametéers me ¢
B, o#ndtatl ongsi de Wal ker' s parameter p are discussed

6.2.3.1Determination op
For one arbitrary FCG rate at differentr&ios in an inert environment such as vacuum, the effective
driving force (+ Y+ ) should be the sanjé69]. As an example and for the case of AMSHO0 steel
[192], FCG rates at two fatios of R=0.1 and R=0.9 against stress intensity range are showfigare
6-4. By drawing a random horizontal line that interséicése twaurves, one getsvo points that have the

same crack growth rate but with different stress intensity rakggsre 64). Therefore,
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0 Y0 0 Y0 6-12
Using the relatioV+ p 2 + , atypical value forjzan be obtain from the following relation

Y
y

6-13

By repeating this process, a seri p values can be obtained anddeean average value can be finally

. B .. .
determined as p—— hq is the number of trials.
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Figure6-4 FCGR for AISI 4340 at R=0.1 drR=0.9[188]. Example used to show determination of the parameter p.

6.2.3.2Determination of time constants t.
To illustrate the determination of time constardrid t, |l et’” s consildadhisbrgsikvse x amp|l e

given by a sinusoidal function that can be expressed as:

o ———— L QE" "Qo- 6-14

Where f is the cyclic frequmey. Setting K to kscc into the above equation and solving forotcan be
obtained Figure 63(a)):

o - i (I)l—%e— — ¥ Q 6-15
Similarly, t1 is determired by setting K in equatio®{14) to0

o - i dn—@»e — ¥ Q 6-16

86



6.2.3.3Determination of correlationparee t er s [, 0

Parameters [ and 6 are obt ai ne dfatiguaexperimentdl resultsstsi ve m
required. First a value of 1.00 is &8tforregonif and
(similar procedure is regated for regions Il and Ill) to come up with a predicted FCGR (dggd&l)n

region I. This value is the compare to the actual corrosion fatigue results to calculate the standard error:

B — —
Standard error= 6-17

Where—is the number of data points selected for standard error calculation. Using a desirable increment
(e. qg., 0.01), the new v&9)toatain anew gandarl err@peeificallys e d i n
we firstfixt h e v a | w06,and thers@bstitub differentset valuso f, infreasingrom 1.00 to 2.00

with an incremenstepof 0.01(i.e.p | ug ( 6, (B0OO, 1.00¢, (10@ &.01) (f1.00, 1.02). (1.00,

2.00),) into equations {8) to (6:16). A series ofpredicted CFCG rasefor eachpairof ( 8, are obtained
andthenusedt o c¢ a |l cstandatd ernot h eequidiond6-17). Thenthis processs repeatedvith

different® values varyingrom 1.00 to 2.00 with an increment step of 0.0his procelure is continued

until the standard errdrecomeess than a designated convergence value (e:§)., 10

Ingeneral [ aerbdth i®the range of 1 to 2, therefore the valueskagined relatively quicklyThe
parameter [ and 6 i n aadtlehmainly depemdchoneimaterialbneironchénf f er e nt

system.

6.3 Numerical examples for verification of the proposed model

FCG data in vacuum and corresponding SCC data for five different alloys are used to validate the proposed
CFCG model. These examplieclude alloys most commonly used structures. They include two types

of 4340 steel with different yield strength, 300M steel, Titanium allegAl4V and Aluminum alloy

7075T651. Inwhat followst he same parameter (B and ©6 are used f ¢

6.3.1CFCG prediction in AIS| 4346teel ( p L B @

The fatigue data in vacuum for AISI 4340 steel ( p v 1T 0 ) Wlad taken froni192] and the orrosion

fatigue data and SCC data in 3.5% NaCl were taken frorfilR&f. Corrosion fatige tests were conducted

at a loading frequency 10Hz and at stress ratios 0.1 andrigure 65 shows the test results and the
corresponding predictive results using the proposed model as a function of the applied stress intensity range.
At stress ratio R=0.1, as can be seefRigure 65(a), the proposethodel prediction shows fairly good
agreement with experimental results, especially at high stress intensity ranges. Moreover, for R=0.5, the

proposed model almost precisely predicts the actualGCF€ at es. The parameter [ a
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model for ths steel in 3.5%NaCl were found to be 1.15 and 1.17, respectively. All the values of other

parameters are presentedable6-1.
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Table6-1 Values of the fitted experimental parameters inchieosion fatigue model for each material

Ci
. Cscc
/cycle)/(MPa- -
Material m C)I{/ch_e))mf room P (mis)(MPapia@) " P °

AIS| 4340 steel 5 P=0. 0 2% 2053
C o puBd P 10 4.60 0.0765 10 17.45 115 117

AISI 4340 steel 130 p=0. 02" 6.82
C o Gd P 10 4.60 0.0765 10 921 15 1.05
300M steel 101255 3.83 - 1048.92 3236 1.2 1.07
Ti-6Al-4V 10174 3.65 0.294 102 878 105 121
7075T651 101374 6.17 - 1010 275 112 101

6.3.2CFCG prediction in 4340 steel ( p @ § ® §

The fatigue data in vacuum and in 3.5% NaCl for 4340 sfeel (p @ @ w ) ahASCC data in 3.5% NaCl

were all collected from in Ré1.92]. In this case, corrosion fatigue tests were performed with a frequency
of 10 Hz at stress ratios 0.1 and 0.9 in 3.5% NaCl solutigure6-6 shows he test CFCG rates and the

corresponding predictivesults using the proposed model as a function of the applied stress intensity range

AK. Similarly, when R=0.1, the proposed model gi ve
rate. In the cse of R=0.9, good predictive results were alsoinbthby the proposed model except for
slight discrepancies at the | ow AK, comparing witHhkh

in the proposed model for the 4340 stéel ( p @ @ w ) i0 35%NaCl are presented Table6-1.
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Figure6-6 Experimental CFCG rates of AISI 4340 steel ( p @ @ @ §in 3.5% NaC[189] and model
prediction

6.3.3CFCG prediction in 300M steel
The fatigue data in vacuum and in 3.5% NaCl and SCC data in 3.5% NaCl for 300M steel used for validation
of the proposed model were alsoleoted from in RE[192]. Similarly, corrosion fatigue tests were
performed with a frequency of 10 Hz at stress ratios 0.1 and 0.9 in 3.5% NaCl envirdfignenat6-7

shows the test CFCG rates and the corresponding pvediesults using the proposed model as a function

of t he

applied stress

intensity

range féirlg goodA t

correlations to the experimental data except that the underestimation of CFCG rates at relatayghjiéd

stress

intensity rang

es.

Thi

S

ma y 0 irbteree degiens. The

values of the fitted parametein the proposed model for 300M steel in 3.5%NaCl are presentadimn

6-1.
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Figure6-7 Experimental CFCG rates of 300M st&eB.5% NaCl[192] and model prediction
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6.3.4CFCG prediction in Titanium alloy 8AI-4V
The fatigue data in vacuum and in 3.5% NaCl and SCC data in 3.5% NacCl for Titanium eBlal-AV

used for validation of thproposed model were obtained from in RE¥4]. Corrosion fatigue tests were

performed with a stress ratio of 0.1 at frequencies 1Hz, 5Hz and 10Hz in 3.5% NaCl envirétigueat.

6-8 shows the test CFCG rates and the corresponding predictive resinlysthe proposed model as a

function of t he

agreement with the e s t

applied

dat a.

Besi des,

st r es s thé prapasedsnodeppears ton g e
be applicable at high stress intensity ranges. When f=5Hz and 10Hz, the proposed model shows fairly good
t he

® im thrpepregions can het e

clearly seen from the proposed mogegdictions in the case of f=5Hz and 10Hz. The values of the fitted
parameters in the proposed model for Titanium allegAl-4V in 3.5%NaCl are presented Trable6-1.
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Figure6-8 Experimental CFCG rates of Titanium alloy-@Al-4V in 3.5% NaCl[194] and model prediction

6.3.5CFCG prediction in Al alloy 7073651
The fatigue data in vacuum and in 3.5% NaCl and SCC data in 3.5% NaCl for Al allcyf @9T&sed for

validation of the proposed melddcame from the R€fl95-196]. Corrosion fatigue tests were performed
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with a frequency of 10Hz at stress ratios 0.1 and 0.5 in 3.5% NaCl envirorHigeme6-9 shows the test

CFCG rates and the corresponding predictive results using the proposed model as a function of the applied

stress

except for the high level df K .

intensity

range

The wuse

AK.

ffectivelytpiodde thd gboal gredictioris e
@irf three hegions amdriew SEC \eelocities may

proj

be the reason for the underestimation. The values of the fitted parameters in the proposed model for Al

alloy 7075T651 in 3.5%NaCl are presentedliable6-1.

1E-4 5 1E-5 5
E R=0.1 ,10Hz 3 R=0.5, 10Hz |
] a
1E-5 4 1 =-
] 1E-6 4
] a " .o
_ - .
©
< 1E-6 4 . % . ‘]
> ] ® > [ 4
2 - 21e7 -
E E p)
1E-7 4
s g ¢
8 s A
1E_8_: m  Experiment data B8 3
@ The proposed model m  Experiment data
] ® The proposed model
19 — 1E-9 :

1

; 10
AK (MPa-Vvm)

1

AK (MPa-m)"

0

Figure6-9 Experimental CFCG rates of Aluminum alloy 767651in 3.5% NaCl[[195] and model prediction

6.4 Discussion

Two interacting processes including pure fatigue and SCC are assumed to happen simultaneously in the

fatigue crack propagation of a metal in aqueous envirotsném this model the interaction effect is

considered byaking the FCG rate in an inert environment as a reference, the environmental contribution

to the fatigue crack propagation rate is considered in terms of both changes in the crack tip driving force

and the crack growth rate for a given applied stresx@essed by equatiorg®) to 6-11). In this model,

the twoparameter driving force approach was used to describe the envireass&ied FCG. It can be

seen that the equatioB-9) isi ndeed

expressed in

t er msx Sinfe the h e

dr i

characteristic timeptand t in the second term of equatio®-10) and 6-11) are able to be represented by

AK
terms of AK and
force approach.

— 610 Y

Kma x

as
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a Ragl thekequationg-10) and 6-11) can be converted into expressi@18) and 6-19) below in

support
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C. - Qo 6-19

One of the most important capabilities of CFCG models is the ability to account fonaracteristic
phenomenon of environmeassisted FCG such as frequency amati®d effectd197][198]. The proposed
new model is not only able to incorporate the influence of laid using the twegparameter approach, but

it can also account for the frequencyeetfthrough the integration of crack velocity in every load cycle.
Moreover, the effect of waveform on CFG®9] can be considered as well in this model since SCC
velocity varies with stress intensity factor and is integratageby-stage, as can be seen in equattn (
10) and 6-11).

The correlation parameter f introduced into the m
tip driving force for FCG. The crack tip driving force was enhanced by siss$sed dissolution and thus
increases the FCG rate, whichgenerallg k es t he val ue of parameter [ gr
the range of 1.0 to 2.0. It should be noted #fiahe discussion here are based on fatigue crack propagation
inaninetevi ronment. On the ot her Iedegrdded nmenalgprogettydy 0 i S
the corrosive environment. The exponent represents the ability of a metal to resist fatigue crack
propagation, the lower its value, the higher its resistarita i t y. Theref ore, the val
than 1.0it he corrosive environment. The magnitude of
susceptibility of the metallic material to the corrosive environment. For example, the effedrofiemnt

on FCG rate was reduced, as can be found fromthenearover | apped da/dN vs AK c
environment and in air at high stress intensitie®?. Thi s means that the param
different stages of CFCRIso, & we can see from the verification results abdlve,predictios of the

proposed modehear thresholdare mostly belw the test data. One of the reasons may lie iruieeof

same values df h e p a raadf & the threedfifferent regions. Another reason is thna neglect the

role of short crack propagation at the very early stage of the whole crack grottd proposed model

since this process is very short for Mg alloys butttet pr obabl y not tringegmemsase f or

The threshol d st gfer&5QGandthe threshold siressrindensgyekfor/SKC are key

par amet er s f or nismarmaly defendd astkie sriticgl nalue kelkiw which there is no fatigue
crack advancement. In practical coraii, however, it is mostly obtained when the FCG rate exceeds
10%m/cycle[199]. Many experi ment s haesaregemelly bigherintveeudimt h at

than in the corrosive environmelit92][193]. The formulation for the proposed model also fokdiis
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observation. At threshold point, we know that CFCG rate'¥tfcycle in this case) can be basically
determined by below equatio

pmt G YO 5 o+ 6-20
Assuming thathe FCG rate at threshold point in an inert environment can be determined by Paris equation,
pt  C(YO f 6-21

Whee Y0 7 is the threshold stress intensity range in the corrosive environmeband  is the

threshold value in an inert environment. Combing equa@e20j and equatiorb(21) yields

v o

I Yo + Y0 6-22

Noting that0 y—, we have

v

Yo or

e
& e
<

6-23

Because the @paY arleandr B > p wehave

v v

YO i Yo i 6-24

Therefore, we can conclude that based on the proposed model fatigue crack propagatogralier in
the corrosive environment than in an inert environment. The same analysis may bpladdd@fhe Kscc.
Crack velocity and threshold stresgdg in SCC are highly sensitive to the effective strain rate at the crack

tip [20]]. Limited attention has been paid to the effect of cyclic loading on e Kowever, in the
proposed model this effect is accounted for and it is apparent that a lower thresholt strefss termed

as the effective threshold-Kscc, is needed to initiate SCC.

6.4.1Comparison with classical CFCG models

Figure 6-10 gives a comparison of the proposed model (for the case of 4340 steel example above with
results shown ifrigure 65) with two other classical modelgjgerposition and competitiomodels, with
experiment results from REE93]. The experimental data was obtained from a fatigue test for 4340 steel
in 3.5% NaCl solution at an-Ratio of 0.1 and a frequency of 10 Hz. It is clearly seen that the sugenposi
model, thecompetition model, and the proposed model can all correlate well with the experimental results
at high stress intensities, specifically after
occurrence of SCC. This is because CF@@g predicteih this range in all three models were contributed

by the dominant SCC rate. The small difference in these predictions at high stress intensities is due to the
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different considerations of SCC. For example, the competition model-uses=(da/dN}cc at this stage

while in the proposed modet—  is expressed in termsfof — in equation §-10). At low stress

intensities, the competition model and the superposition model give the samevareeketlts, which show

good correlions with experimental data for the earlier part. However, these two classical models both

overestimated the t hr e g forofdtigue cack propagatidn.nin eomirask, theg
proposed model givesa&w y good pr egdandtheitrendof+—n vish A KAK ur v e

underestimates the CFCG rates at this stage. Befege Where SCC does not occur, the superposition

model and the competition model use the FCG rate in a@pi@sent the CFCG rate here. As a rethat,

ran

but

A K, is overestimated. The corrosive environment seems to show no big influence on the FCG rate in

comparison with the FCG rate in air as shown in [R28], thusthese two classical CFCG models give

good predictions in the linear regions. However, in the proposed model, CFCG rates at low stress intensities

are determined from the reference dzt&CG rate in an inert environment. This indeed will lead to some

undeestimations if the effect of corrosion on FCG rates is not considered. On the other hand, the

phenomenon of short crack beha\ip®2 at the very beginning of crack propagation can also increase the

inaccuacies and complexities of modeling on CFCP. The proposed model is based on the linear elastic

fracture mechanism (LEFMheory, which does not apply to short crack behavior as the size of the crack

is comparable to the plastic zone.
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Chapter 7 Conclusions, Contributions, and Future work

7.1 Conclusions
This thesignvestigatedhe surface coating for corrosion protection of Mg allagd proposed eorrosion
fatigue crack propagatiamodel to predict the corrosion fatigue crack growth.raleough this research,

the following conclusiongvere drawn at thend of each chapter dmre reiterated below:

1 The effects of conversion process parameters on the coating microstructure and corrosion
performance were examined: ihd coating grew thicker and more corrosion resistattt the
increasing immersion timéut when the treatmeniime was too long, the corrosion resistance of
the coated samples would decrease due to the appearance of large cracks in thé caahrak
Mn-P coating can be formed on the surface of Mg alloy AZ31B in a very short dufétieatéd
in a low-pH bath (below 2.0) while it requires much more time to produce a relatively thick coating
layer if treated in a higpH bath (above 3.0)The coating obtained in a lepH bath tends to has
wide cracks and low compactness while theingabuilt in a highpH bath tends to be dense and
has no significant cracksij) Increasing the bath temperature is able to enhance the coating
thicknessbutserious cracks were algoaduallyinduced in the coating with the rising temperature.

1 A two-stage conversion processvas developed based on the examination of the effects of
conversion process parameters. The-stame conversion process includeeatment in a low pH
solution and thenan immediate treatment in a high pH solutidnthick and dase potective
surface coatingvas found to be depositet the surface ofig alloy AZ31B.Experimental esults
showed that the twestage conversion coatirgxhibitedbetter corrosion performances than either

of the single conversion coatings.

1 E-coat andpowde coating were used as a topcoat for various coated Mg alldyes.MnP
conversion coating improved not only the corrosion resistance of Mg alloys, but the adhesion
between the substrate anet&ating Powder coating shows better corrosion performanarE-
coating MAO coated ZK60 with powder coating shedthe best corrosion performanamong
all the investigated coat systefhe CCC coated ZK60 shows better performance in the scribe test
dueto the selhealing ability of CCCThe ability of coatedvig dloys to resist against general
corrosion largely depends on the corrosion susceptibility of the substrate, surface coating strategies,

and the adhesive bonding between them.

1 A new process interaction model along with a CFCP mechanism are preseatmid for
fatigue crack propagation of a metal in the corrosive environriiéig.model assumes thiiat

CFCG is an interactive process between pure fatigue and B FCG rates in an inert
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environment are taken as a baseline and are combined witho®&plainthe CFCP rateThe role
of SCCin everystages of éoad cycle on the wholeFCPwasexplicitly accounted foaccordindy
usingthe SCCvelocity curve A two-parameter driving force (. e for RE€&and Kyaxfor SCQ
inspired by previous modelgasemployedo describe th€FCP

1 Five types of materials including two 4340 steels with different yield strength, 300M steel, 7075
T651, and titanium alloy T6AI-4V have been used to verifie new model. Considering the
scatter nature of corrosion fatigue data, it is found that good agreements can be obtained between
the experiment data and the predictive results. However, due to the complexity of corrosion fatigue,

more research is still eded to further improve the predictions.

7.2 Contributions
1 A new process interaction model is proposed tfee prediction ofcorrosion fatigue crack
propagatiomatein metals The significance of stress corrosion cracking in contributing the fatigue

crackpropagation is explicitly considered stapggstage in the crack velocity curve of SCC

1 The effects of processinga@mmetrs on the corrosion behavior of AZ31sisstematically studied
by using an orthogonal experimental pltiis found that bath pH value, immersion tinaad bath
temperature become the three important factors in controlling the quality of tiedviverson
coating, especially the former two parametérgwo-stage conversion process is developed to

produce a thick, dense and compact coating on AZ31.

1 Atwo-layer corrosion protection strategy for forged AZ80, and ZK60 Mg alloys of a lower control

am weresuccessfully evaluated and shown to significantly improve corrosion properties.
1 Two journalpapershave been published, and onedady to besubmited.

7.3 Recommended and Future Work
Considering théong-term objective ofpredicting the corrosion fatigue lifer the coatedMg alloys, the

following work is recommended for next steps:

1 The effect of surface coating on the corrosion fatigue crack initiamuld be investigatedo
complete the prediction of the whole corrosion fatigue tifie, corrosion pit growth behavior
including theevolution of the corrosiopit size and shapéd aertain fatigue cycleyhich has been
reviewed in chapter 1 to modgle corrosion fatigue crack initiationged to beharacterized on
the coated Mg alloysFhe effect of stresslevéld i f f er-reantt i o\, od tRe coroosion
pit growthneeds to be studie8pecifically, a designed corrosiealt sprayest undecyclic loading

would be recommended to collect such data.
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1 Stress corrosion cracking test for the uncoated Mg alloy should be condliztedeasurements
of the threshold stresntensity factor (isd and the crack velocity as a function of stresarisity
factor (da/dt vs K¥or the investigated Mg alloy need to be done to predict the corrosion fatigue

crack propagation rate by combining with the fatigue datainert enironment

9 Fatigue crack propagation test in aimdttigh frequencyneeds tde conducted to provide/simulate
the fatigue data in an inert environment; In this test, at least tnatié® should be used to
determine the material constanta@d m. Inoder t o deter mine the correl
8 and val i drefdtigue drackeprogagation madébiwosion fatiguerack propagation
testsfor the Mg alloy at least twodifferent Rratios andtwo different frequenciesieed to be
performed.
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