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Abstract

Magnesium alloys are afreceninterest for theéransportationdustry due tofteirexcellent properties

such ashigh strengtrand low density which wilkaveenergyandreduce gas emission aitavill also
improve the vehicle performanceHowever due to their high chemical activity, magnesium and
magnesiunalloys havaunsatisfactorgorrosion resistancand high tendency to corrode in humid and
agueous environmentalthoughalloying elementgrovides some improvement in magnesium against
corrosion, further protection for these allagsneeded against the corrosion in differeatrosive
environmentsAluminum powdercold spray is a new coating technology with very promising results
in corrosion protectionf magnesium alloysT he effect of applyingoure aluminuntold spray coating
onwroughtAz31B Mg alloy from the corrosion and carsion fatigue point of vievis studied This
researclcomprises two parts. The first paststudyingthe corrosion behavior of AZ31Badd spray
coated and uncoated coupons by performing an accelerated corrosion testing in a corrosion chamber.
The result$or both types of couporteave been compareddach othefThe second part of this research

is to studythe fatigue strengtby rotating bending machirte stress relievednd stress relieved/coated
specimensn salt water environmen&-N curvesfor thetwo groups of specimens were plotted. After
the analysis and comparison of all the testing results, irevesied that pure Al cold spray coating
considerably improved the corrosion resistance of Mg alloy AZ31B in 5% fdg@hvironmentThe
microstrictural analysis revealed the presence of some secondary phases which act as a cathode and
accelerate the corrosion of the anode, Mg altymparison otorrosionfatigueS-N curves of stress
relieved and stress relieved/coated specimens show fatiguedifetionafter cold spray coating a
maximumpercentagef 87.6%. The reason for that is the fact thia¢ pure Al powdehasmuch lower
ultimate tensile strength than Mg alloy AZ31B. This fact will lead to an earlier oraitle Al coating
surface dung the fatigue cycles, from which the electrolyte will penetrate to the Mg substrate and

cause a localize corrosion and failure.
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Chapter 1

l ntroducti on

The low density of magnesium (Mg) and its alloys, 1.74 tfértwo-thirds that of aluminum (Al) and
onefourth that of iron (Fe]1l]i as well as their other excellent propertsegh as high strengto-

weight ratio make themattractive candidates for research and development for margreditf
applicationsSome of the properties for which Mg and its alloys stand out include their light mass when
compared with steel or Al alloys, high specific strength, high thermal conductivity and strong
electromagnetic interference resistance. The magific users of Mg and its alloys are industries in
which strength and weight are very important to their applicanesisly in automotive, aerospace,
computer and cellular phone industries. Reducing the weight of vehicles is one of the main objectives
for the automobile industry; reduced weight results in fewer greenhouse gas emissions, and improved
vehicle performance and fuefficiency. Figure 1.1 showsthe growth in the global automotive Mg

alloy consumptia from 2008 to 2015.
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Figurel.1: Global automotive magnesium alloy consumption, 2R085E (E: EstimatdgR]

However, the usage of Mg and its alloys in structural manufaiststé#l not as popular as other alloys

(e.g., Al), despite all of their attractive properties. The reason is that Mg has an unsatisfactory corrosion
resistance, resulting from the fact that Mg is one of the most electrochemically reactive materials and
is therefore susceptible to corrosion in humid and aqueous environments. For this reason, the
applications for Mg and its alloyare considered to be limit§8l-[7]. The protection of Mg structural
components from corrosion igssential. Among the protection methods and techniques

availabl€[8]-[10], Al powder cold sprgis a rather new coating technology, whisla low temperature
1



process thathows promising results in corrosion protection. In addition, since Mg alloys are often used
in structural and mechanical components that are subjected to cyclic loads imdgfareonments
and conditions, studying their corrosion fatigue in those different environments is considered to be

another important direction foesearchl11].

1.1 Thesis Motivation

The motivation behind this research is to answer one question: Can cold spray technology be used to
provide corrosion protection and enhance the fatigue lifeMgf alloys in automotive service

environment8

1.2 Thesis Objectives and Methodology

The main objective of this research was to study the aféewss otold spray coating on the corrosion
protection and the enhancement of fatiguedifesrought Mg alloysFor this, corrosion and corrosion

fatigue testingf wrought AZ31B Mgalloy with and without Al cold spray coating was undertaken.
The specific plan to accomplish this objective is summarized in the following steps:

I.  Perform accelerated corrosion testing, based on ASTM B117 salt spray (fog) sfag{jamd
bare and Al coated AZ31Blg alloy coupons, in addition to the necessary anel postesting
preparations, examinations and analyses, in order to identify the corrosion behavior for both

coupons.
Il. Establish the comparative corrosion perfanoe of coated and uncoated AZ3¥B alloy.

II. Perform corrosion fatigue testing, usiadrotating Bending Machine (RBM) with a specially
designed integrated corrosion chamber, to obtainike&ves for bare and Al coatéd@31B
Mg alloy cylindrical specimas, in addition tdhe necessary prand postesting preparations,

examinations and analyses to identify the corrosion fatigue behavior for both specimens.

IV.  Quantify the corrosion fatigue results of coated and uncoated AERJLBIloy and establish

its conparative corrosion fatigue performance.

1.3 Thesis Organization

This thesis is comprised of five chapters. The current chaptsents the introductiomotivation
objectives, scope and methodology of the research. Chapter 2 provides background infomidton

and Mg alloys, their properties and characterization, the corrosion of Mg, cold spray technology and
2



corrosion fatigue. This is followed by a literature review on the corrosion of Mg and Adgldloy,

the corrosion fatigue of AZ31BAg alloy, and cal spraying of Mg alloys. Chapter &fines the
materials used in the study including tAZ31B Mg alloy, and cold spray coating powder and
parameters. This is followed laybrief introduction tahe corrosion testing chambetke corrosion
fatiguetestingequipment including thimtegration of an environmental chamber into the fatigue tester
and the standards and methodology used in this studyiantifying and analyzing the corrosion and
corrosion fatigueChapter 4 presents the test results and dismusThe following topics will be
discussed in detail in this chapter: forms of corrosion, corrosion products and their effects on
decelerating the corrosion rate, the role of edges in corrosion initiation and progress, corrosion
mechanisms in coated sjpmens, the role of corrosion pits in impeding crack initiation in uncoated
samples, crevice corrosion effects in corrosion fatigue, the formation of multiple cracks, the role of the
loading frequency in corrosion fatigue, and corrosion fatigue fractureanesens in coated samples.
Chapter Sncludes the conclusion of this work and provides recommendations for future work.



Chapter 2

Background and Literature Revi

The word OMagnesi umd has its roots innfeatdrre pl ace
Thessaly in Greed@3]. It was first extracted by Humphrey Davy in 1808. Davy's first name suggestion

was Omalgwmti uimd , | at er ajld]lovig mas usedvadgiydeiring Wamd Wars | and

II; the US, Britain, France, Canada and Raistarted producing Mg for flares and tracer bullets as well

as for some niche applications in the nuclear industry. However, while it was being widely used, the
worldwide production of Mg dropped off during the World Wars period. After 1945, produdtatse

were renewed and in 2006, worldwide Mg production reached 726.000 metrid 5¢n€urrently,

China is the main supplier of Mg to the world as showRigure2.1.
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Figure2.1: Production supply of magnesium in the world in 211}

21Magnesi umbés Properties and Characterizatio

Mg is one of the most ubiquitoeéements in the earth; by weight it makesapproximately 1.93% of
the mass of t he @&%ofthémassoithe scedhaMy b plentifuliruseadater;

it has been reported that each cubic mile of seawater contains around 6 milliohNtmnE 6].



The crystal structure dflg is hexagonatlosepacked (HCP), which leads &pecificand @mplicated
mechanical propertieslCPhas fewer slip systems as compared to other crystal structures $ach as

centered cubic crysta{fCC), this fact will results in limited cold workability of the allf8]j.

It is rare br Mg to be used as a pure metal without being alloyed with elements which will eiitsance
mechanical and metallurgical properties, including improving the corrosion resistancéviof th].

Based on the American Society fiesting Materials (ASTM) standards, it is easiylantify the added

alloy elements and their quantity just by looking to the reference name. For example, the Mg alloy
AZ31 has around 3% Al and 1% zinc (Zn). Additional letters may be added at theiediddte more
information about the alloying element (e.g., descriptors of the details and stages of development). For
room temperature applicatiordg-Al-Zn alloys which frequently also contain manganese (Mn) are
used. The Mgn-Zr alloys include the adiibn of zirconium (Zr), thorium and cerium, and are used

for elevated temperature applications.

Nowadays, Mg alloys are used for a wide variety of applications; from computer cases and bicycle
frames, to structural components in the aerospace and autermatustries. Automobile parts made

from Mg include steering wheels, steering column parts, instrument panels, seats, gear boxes, air intake
systems, stretchers, gearbox housing, and tank covers. It is expected that in the future, Mg alloys will
be useda construct some larger body parts such as cylinder blocks, petrol tank covers, doors and
window frames. Mg alloy AZ91 is considered to be the most common Mg adled in Mgrelated

applicationd16].

Mg alloys can be dividethto cast alloys, which are produced by casting (die or sand), and wrought
alloys, which are produced by hot working (mainly by extrusion, rolling and press forging at
temperatures in the range of 3800°C. The majority of Mg products and componentsfarmed by

the die casting method since Mg has very good castability. However, the conventional pouring method
results in the appearance of oxides and dross due to the reactive nature of Mg and, therefore, the squeeze

casting technique has been used tovdebetter quality castings (e.g.ittwAZ91) [17].

Wrought alloys are preferred for use in the automotive and aerospace industries as they have better
strength and are lighter weight than casting alldghle2.1 shows the most common Mg alloys and

their chemical compositions, uses and basic properties



Table2.1: Most common magnesium alloys, their chemical compositions, uses and prdfp8ities

Alloy Alloying additives Basic properties and applications
AZ91 9.0%Al, 0.7%Zn, 0.13%Mn Good castability, good mechanical
AM60 6.0%Al, 0.15%Mn Greater toughness and ductility than AZ91, Slightly lowerngfite Often

preferred for automotive structural applications.

AM50 Mg-Al system Good strength, ductility, energy absorption properties and castability
AE44 Mg-Al rare earttsystem Better creep behavior and castability than AE42
AE42 Mg-4 atomic percendl-2 Low castability, good creep behavior

atomic percent rare earths

AS41 4.2%Al, 1.0%Si Better creep resistance than AZ91 at elevated temperature but lower stre
ZE41 4.2%2Zn, 1.2%RE, 0.7%Zr | Rare earth addition improves creep strength at elevatqubtature

AZ31 3.0%Al, 1.0Zn, 0.2%Mn Good extrusion alloy

AM20 Mg-Al system High ductility, toughness, poor diastability

MRI 153M | Mg-Al-CaSr system For high temperature application up to 150°C

MRI 230D | Mg-Al-CaSr system For high temperature applitan up to 190°C

AS21 Mg-Al-Si system For use at temperature in excess of 120°C

AJ62 Mg-Al-Sr system Good thermal and mechanical strength, castability, corrosion resistance 3

creep behavior

As does each metal or alloy, Mg and Mg alloys havigue ad outstanding propertieslative to other
engineering materiakhat make them attractive for use in applications in which those features make a

great deal of differenc&he following are the most important properties of Mg alloys:

Lowest density of atommercially available metallic constructional materials.
Mg has a very lighspecific gravity.

High specific strength.

Great damping capability.

Good castability, machinability and weldability.

=A =4 =4 4 4 =4
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Acceptable heat conductivity.
Readily availal®.

1

1

1 Resistant to ageing.

1 Good electrical and thermal conductivity.
1

Recyclable.

However, there are also some undesirable features in Mg and Mg alloys that limit the usage of these

metals including:

9 Poor corrosion resistance behavior with a high corrositinaservice conditions that involve
environmental exposure.
Low modulus of elasticity.
Limited cold workability and toughness.

Limited high strength and poor wear and creep resistance at elésaeeraturefl9]-[21].

Mg AZ31B possess a good combination of strength, workability and corrosion resistance, suitable for
manufacturing of automotive componeriiechanicalproperties of (the alloy of interest in this study)
are tabuhted inTable2.2

Table2.2: Physical properties of magnesium alloy AZ3[13]

Crystal structurel Ultimate Tensile strength (Mpa) Yield Strength (Mpa) Elastic modulus (Gpa)

HCP 260 200 44.8

In the past, Steel, Aluminium and plastic are known to be the most used materials in the auto industry.
But in recent years and with global trends that left the automotive industry with no choice but to produce
a rew and safe light material that is more environmentally friendly. The reason behind this trend is that
reducing the weight will saves energy and also reduces gas emissions since #mi<3®n has a

direct relation to fuel consumption and it is knowrt thareducing the automotive weights by a certain

amount, similar percentage of improvement in fuel econ@mgdulted as seenkigure2.2 below.
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Figure2.2: Relation between fuel consumption and vehicle rfE&js

Since then, a lot of researches and developments in auto manufactapesies occurred focusing on
weight reduction and energy savimgjgh-strength steels, aluminum, and polymers are already being
used to reduceveight significantly, but it was found that additional reductions could be accomplished

by increase the implemgation of thdow-density Mg and its alloygl 8],[22].

In the past and until 2004, Mg sheet was expensive. However, the development of new production
technologies and procedure, such as #wih casting and extruded sheet resulted in a significant
decrease in the pdaction cost and brought the price of the Mg sheet to an acceptable level for the
automotive industry. Nowadays, the price of Mg metal is more expensive than earlier which could be
attributed to the high demand for Mg esipdly in automotive industries.

Todayso applicat i on otieefindugty is svella@avh. A itypicaltexampledsuhe o m
composite Mgaluminium alloy engine manufactured by BMW and known as the R6. This engine is
considered to be the lightest 3.0 litregy8inder gaoline engie in the world. Another example is that
Audi reported that they reduced the engine weight of V8 Quattro model by 5 kg compared te other 8
cylinder Audi by utilizing Mg componentd?orsche Panamera window frame, Lincoln MKT tailgate,
Mercedes Eclass tailgte, inner panelin Cadillac STS, all these asxamples of implementiniylg

alloys in auto industrylt was reported that Mg alloys hawetter noise and vibration dampening

characteristics than aluminiufh8],[23].

Figure2.3 below gives an idetor somepartssin a vehicle with the potential replacement of Steel and

Aluminum by Mg alloys and their impact on the weight reduction. It was reportethyhaplacing



some steel and aluminum parts with Mg alloys mainly from three major areas like body, power train

and chassis components, the weight reduction will bé0®6[18].

Door fmer: k?'%g‘"lm: Suull\% cohmm:
Mgty Steel=14bg N2l

Steel=23kg
Wh.Reductin=33%  Wh. Reduction = 40%

Exgine:

Mg=15kg

Al=22kg
FroevSteel=6Gkg

Wi Reduction = 220 70%

Wh. Reduction = 28% Wt. Reduction=64%

Figure2.3: Weight reduction resulted from replacing some automotive components by M{l&]Joy

2.2 Corrosion of Magnesium

The poor corrosion resistance of Mg and its allogs been a major obstacle to their widespreadhuse

structural applications, despite their other excellent prope@i@sosionof metalscan be defined as
thedestruction or deterioration of a mateudale to their direct reaction with the environmgat]. Mg

is considerd to be the most active metal used in engineering applications. Many studies have been
carried out to explore the issue of Mg and Mg alloy corrosion and to develop solutions to improve their
corrosion resistand@5]-[31]. It was concludethat the corrosion of Mg and its alloys is unique from

an electrochemical pointofvieWor t hi s reason, understanding Mgb?d
Mg in different environments, and the critical electremical reactions that can occur to Mg are of

great importanc{32].

0Q 6 O 00 Y J poen 11 (2.1)
0Q P 0 0 Y J voewn 11 (2.2)
0Q ¢O0 HQW™O O Y J ocuvwl 01 (2.3)



The negative standard Gi bbs free enabovgindicateh ange (

that Mghas a strong tendency to transform into its oxidized states dorrosion productgp2]. In
pure water, Mg is considered unstable and various reactions may occur. Several gifferieaix

diagrams E-pH) have been reportethe E-pH diagram shown iffigure2.4 below is an integration of

the previously reported pourbatiagramg32].

Mg(OH),

E (V-NHE)

Figure2.4: PotentialpH (Pourbaix) diagram for a magnesiuwater system at room temperat{22]

The diagram clearly shows that Mg moves toward oxidization in most &-ghé diagram regions.
However, this diagram is showing the ranges of corrosion and passivation for Mg assuming the
exposure is to pure waten feallife, the waterthat Mg would be exposed to is not pure and may
contain aggressive species that could affect the actual corrosion regiong-ipHhgiagran{32]. The
immunity regions at Mg, Mgkland B are below-2.7 V SHE significantly below the region atater
stability between(0.00 and1.23 i (0.059H) V. This also indicates the strong tendency of Mg to
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corrode.An oxide MgO or hydroxide Mg(OH)surface film usually forms on Mg substrate. The
Mg(OH). surface film is mee stable than the MgO film in aqueous solutif8%. The latter film is
known to beporousand does not provide the required protection for the Mg from corrosion f&gck
MgO is usually formed on the Mg substrate surface when it is exposed to the air, but afteresipos

an aqueous solution, most of this MgO will be replaced by Mg{@s$i3een ifrigure2.5.

z] i} i TTEEE
I IS =i =:=%
HEHEIEH e Rt N SR B e
EIEiE -:!:i@iéiu S EE]"—— M(OH), layer
T EBH I B BB IE | E%@%
it T ] 3 Ay A
R BB Yo e i Y — MgO

Mg

Figure2.5: Schematic diagram of magnesium surface [B2]

The corrosion process in an aqueous solution can be increased rapidly by the presence of chloride ions
in the solution. TheMig(OH). layer is normally porous and loose which will not provide the Mg
substrate with the necessary protection. Oneestirface film is broken, the corrosion attack will
proceed from the weakest areas and it has been reported that repairing this broken film area is not an

easy process for M@2].

There are also some metallurgical factors thBuence the corrosion behavior of Mg. Impurities, and
alloying Mg with particular elements, can alter the corrosion resistance of Mg and/or strengthen the
surface protective film | ayer dependi 9,3%.n t he
The presence gfhases in some Mg alloys is also an important factor. For example, AZ91 has a large

a mo u n iphaseMagi7Bl 12 precipitated along the grain boundaries due to the high percentage of Al

in the alloy T h i -ghask is normally passive and acts as a cathode with respect to the Mg substrate
(which acts as an anod@)/]. The anodic, cathodic and overall reactions associated with the corrosion

of Mg in aqueous environmerasneutral pHcan be expressed as folloj#s]:
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Since Mg and Mg alloys may be subjected to different environments, and suffer the effects of ai
pollutions, there are many types of corrosion that can cause a breakdown of the passive film and
degradation of the met#hrough chemical reactions with the surrounding environnigetause Mg

and its alloys are known to be very sensitive to impuraied do not form stable passive films, the
majority of corrosion attacks take place in environments with a pH bEId®6]. The following are

the major types of corrosion to which Mg alloys are most susceptible

2.2.1 .Galvanic Corrosion

Also cdled dissimilar metal corrosion @ontact corrosionGalvanic corrosion can be defined as the
corrosion damage that takes place when materials with dissimilar potentials are coupled in a
corrosive electrolyte. Four elements are required in order for the chemical reaction to take place: an
anode (corroded metal), a cathode (protected metal), direct electrical contact and aptelbetiaéen

the anode and the cathode to allow for the movements off2dhsMg and Mg alloys are highly
susceptible to galvanic corrosion and it is a major concern in industrial design and material selection.

Mg has a normal electrode potential®f3 V at 24°C, assuming that the hydrogen electrode potential

is zero. Thidact places Mg at the bottoof the electrochemical series as a vactive metal as shown

in Table2.3 [25]. For example, when attaching a noble material such as passive stasdégaisich

works as an efficient cathode), with active Mg alloys (anode), severe galvanic corrosion will occur in

the Mg. In contrast, if Mg alloys are attached with more active potential materials such as Al, Zn or
cadmium, the consequences will be miegs damagingAnother scenario for the galvanic corrosion

of Mg alloysknown as micregalvanic couplingnvolves certain impurities or inner secondary phases.
Forinstance, nt er met al | i ¢ ¢ o mp gAlipedpscially indBAl allays nfay causea s e Mg
microgal vani ¢ cor r eMg omma tbreitgwabemnd itbh ewhli ch case t he |
the cathode and the surrounding Mg matrix as the aassken inFigure2.6 [16].
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Table2.3: Galvanic series in seawa{@5]

Galvanic Series Seavater

Steady State Electrodetntial,

Material Volts (SaturatedCalomeHaltCell)

Graphite +0.25
Platinum +0.15
Zirconium -0.04
Type 316 Stainless Steel (Passive) -0.05
Type 304 Stainless Steel (Passive) -0.08
Monel 400 -0.08
Hastelloy C -0.08
Titanium -0.1

Silver -0.13
Type 410 Stainless Steel (Passive) -0.15
Type 316 Stainless Steel (Active) -0.18
Nickel -0.2

Type 430 Stainless Steel (Passive) -0.22
Copper Alloy 715 (#80 CupreNickel) -0.25
Copper Alloy 706 (900 CupreNickel) -0.28
Copper Alloy 443 (Admiralty Brass -0.29
G Bronze -0.31
Copper Alloy 687 (Aluminum Brass) -0.32
Copper -0.36
Alloy 464 (Naval Rolled Brass) -0.4

Type 410 Stainless Steel (Active) -0.52
Type 304 Stainless Steel (Active) -0.53
Type 430 Stainless Steel (Active) -0.57
Carbon Steel -0.61
Cast Iron -0.61
Aluminum 3003H -0.79
Zinc -1.03
Magnesium -1.63

Cathode
(Most Noble)

\ 4
Anode

(Most Active)
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Anodic reaction Cathodic reaction
Mg — Mg2* + 2e 2H.0 + 2e — 2{(0OH) + 2H. (g)

\ <

v\\Illlg-l\.r‘lal'trix
/ \ 0. - Phase
B - Phase (Mg ;Al,,) Intermetallic compound
(Al, Mn, Fe)

Figure2.6: Schematic presentation of typical miggalvanic corrosion of MgAl alloys [16]

There are various methods that can be followed to protect Mg and Mg alloys from galvanic corrosion

such as
1. Minimizing the chemical potential difference between dissimilar materials through proper

materials selection in the design stage.
Appling selective coatings.
3. Using insulation materials between the dissimilar m¢2dk[27] ,[33].
And to reduce the risk of the miegalvanic corrosion, modifying the microstructure of the alloy is

needed through:

1. Heat treatments.

Modifying casting process.
Adding some elements to thikog or reducing the percentage of some elements as Al in Mg

Al alloys [34]-[36].
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2.2.2 Stress Corrosion Cracking

Stress corrosion cracking (SCC) is considered one of the most dangerous typessaird81]. It is
defined as the cracking induced from the combined influence of long term tensile stress (above a critical
level), susceptible alloys and a corrosive environmasnliustrated irFigure2.7 [24].

Susceptible
Material

Tensile
J' Stress 2
//‘ Threshold

/
4
4

Corrosive
Environment

Figure2.7: Schematic of typical conditions for stress corrosion crad@ap

SCCcan be propagated in a transgranular (TGS@Utergranular (IGSCC), but the transgranular
mode occurs more often. The intergranular mode may aleuto the precipitation dfig:7Al12in the
Mg-Al-Zn group of alloys[27],[33]. Pure Mg isresistant to SCC in atmospheric and aqueous
environments. On the other hand, Bltpys are susceptibte SCCespecially the wrought alloy28].
Alloying Mg with Al and Zn elements encoura§€Cand & the percentage of Alian alloy increass,

the tendency for SCC increasas well[27],[31]. For example Mg alloys such as AZ91, AZ80 and
AZ61 show a high susceptibility to SCC as the percentages of Al are high &%%nd 6%,
respectively. AZ31 is another example of Mg alloy but it shows a good resistance to SI&C as
percentage of Ak only 3%. Alloys containing Zr are another group of SCC resistant Mg alloys, if the
applied stresses remain below the yield stra&so it has been proven that adding Mn to Mg alloys
will improve their resistanceto SC6.CC of Mg all oys can take pl ace

or in fluoride containing solutior{81],[33] ,[37].

2.2.3 Pitting Corrosion

Pitting corrosion is form of kealized corrosion in which the attack on the surface appears as small holes

or spots referred to as pj&4]. This type ottorrosion is considered to be dangerous because it is a kind
15



of failure that is very difficult to det, predict ordesignagainst and pits can initiatpropagateand
perforatewithout obvious signs because ttwrosion products often cover the pits. The pits can take

a variety ofdifferent shapeasshown inFigure2.8.

LAV

(a) Narrow, Deep (b) Elliptical (c) Wide, Shallow
}73???5;7! 77777‘ ff??
{d) Subsurface (e) Undercutting
(Horizontal) (Vertical)

(f) Microstructural Orientation

Figure2.8: Different forms of pit438]

In nature, Mg is a passive metal which allows the occurrence of pitting corrosion at its free corrosion
potentialby providinga high potential to cause the current to flow into thénpiteutral or alkaline salt
sdutions or noroxidizing media[16]. Pitting is normally associated with stagnant condition which
means that increasing the flow velgaitecreases the pitting attac€korroson pits are usually initiated

at the interface witlihe secondary phase particles, suctMas/Al12, due to the breakdown of the
passivity. Then, an electrolytic cell will be formed and the second phase will acatiwde while the
surrounding Mg matrix is the corroded an¢2i@],[31]. Theprocess of pitting corrosion consists of two
stages: initiation and growtRigure2.9 below is aschematic of the pitting corrosion mechanigors

Mg alloy AM60 immersed ir8.5%Nad aqueous solutiof81]. In air and before immersion, the alloy
surface is covered by an oxide surface film which will be broken after the immersion due to the presence
of the chlorideionsin the solution Absorption of the kloride ionson theUphase area around the
secondary phase particles t a k e s thjs lesultinethe dissalution of the anodi¢phase against

t he c¢ a-phase.dA pi is then initiated and with time the corrosion will proceed arrtiémi

spheri@l corrosion pit is formedhich then spreads over the surf§gg].
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Cathodic reaction
2H,0+2¢ —+20H +H;}

Anodic reaction
Mg —Mgl+2e

b e
H,0 pHIOS H,OH

) dinas thon e, ugr20n-vion

Figure2.9: Schematic of pitting corrosion mechanisms for magnesium alloy ABIHO

2.2.4 Intergranular Corrosion

Intergranular corrosion & localized attack that takes place along the grain boundaries, or immediately
adjacent to grain boundaries, due to the precipitation of the secondary phase while the bulk of the grains
remainsunaffected[31]. In the case of Mg and Mg alloys, it is still being debated whether they are
susceptible to intergranular corrosion or it mostresearchers have claimed that Mg and its alloys

are immune to intergranular cosion. They argue that the grain boundary phase acts as a cathode to
the grains itself and the corrosion tends to be concentrated near the grain boundary which may cause
grains to be undercut or fall odthis form of attack can have the appearance efgnanular corrosion
because it is follows a grain boundary pE#8],[27],[31]. In contrast, recent studies claim to have
proven that Mg and Mg alloys can undergo intergranular corrasigare2.10 below is a micrograph

of an atackthat occurred at grain boundargsd claimed to batergranular corrosion morphology of
AZ80-T5 in a 3.5% NaCaqueous solution after barimmersion.
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Figure2.10: Intergranular corrosion morpholpgf AZ80-T5 in a 3.5% NaC]31]

2.2.5 Filiform Corrosion

Filiform corrosion is a type of localized corrosion that usuatigurs under a coating steel, Alor
Mg. It does not occur on bare and pure.Nige corrosion products ngls from bulging in the coating
and the attack, which usually looks like filamerig(re2.11), proceeds from the points that no longer
have coating31],[39].

Figure2.11: Typical filiform corrosion tracks on steel under a polyurethane coggig

Thefilament head iriliform corrosion is normally cathode while the tail is an¢8@]. Somestudies
have reported that the filiform corrosion of Mg is caused by the difference in the oxygen concentration
between the reode and the cathode on the substrate. Althdilifgrm corrosion does not occur on
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uncoated pure Mg, it can occur on uncoad@®1 and AZ31lalloys [16],[31]. Filiform corrosion can
be minimizedby:
1. Applying a multilayer coating.
2. Using a chromate conversion coating on Al.
3. Using a zinc coating on steel.
4. Reducing the relative humidity to the lowest possible when storing items made of susceptible
alloys

2.2.6 Crevice Corrosion

Crevice corrosion is a lodaéd form of attack thabccurs due to the presence of a stagnant solution
located where oxygen cannot reathis kind of attack is usually found under seals, washers or flanges
and becomes aggressive in the presence of chloridgidh$-or Mg, it has been reported that crevice
corrosion does not really occur because Mg corrosion is relatively insensitive to oxygen concentration
differences. There is a form of attack that takes place in narrow gaps and looks like acorevgien

attack but it is not, however, as the corrosion observed in this attack is caused by the preservation of
unevaporated moisture within the crevice. With time, corrosion of the metal in that narrow area will
occur[16],[26].

2.2.7 Fatigue and Corrosion Fatigue

The discovery of fatigue occurred in the 1800s when investigators in Europe observed that some
structures like bridges and railroad components were cracking when subjected to repeaatg@jad
Fatigue damage is the largest cause of failure in metdish is catastrophic and can occur very
suddenly without warning. The term Afatigueo is
a lengthy pdod in materials or structures that are subjected to repeated cycles or fluctuating loading at
stress levels considerably lower than their tensile or yield strength. The yield strength or yield point of
a material is defined as the stress at which a rahteeigins to deform plastically; prior to the yield
point the material will deform elastically and will return to its original shape when the applied stress is
removed[40]. There are three common ways in which stresses may be applied: axial -(tensile
compression), torsional (twisting) or flexural (bending). Fatigue failure is brittle like in nature, even in
normally ductile metals, and there is very little plastic defttion associated with it. Rather, the failure
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occurs due to the loading conditions, specimen geometry, environmental conditions, microstructure or

some combination of these variabj24].

There are three basic factors neegy to cause fatigue: (1) a maximum stress, (2) applying stress in a
fluctuating manner, and (3) a large number of cycles. The fluctuating stresses could be fully reversed
stress cycles in which the maximum and minimum stresses are equal syriaetri@al about a mean

of zero(commonly used during testing). Another type of stress cycle involves both stresses (cyclic and
applied) being either in tensile (greater than zero) or in compression (less than zero) and their values
are not necessarily equal. Ranaor irregular stress cycles are another way of applying stress in which
random loads and frequencies are applied to the tested [@agpRt0].

The fatigue properties of any material can bealisl by performing fatigue testing after carefully
determining the fatigue test properties. A rotating bending machine is usually used for this testing in
which compression and tensile loading are applied to the tested specimen while rotating at adjusted
frequency speeddrigure 2.12). Tensioncompression stress cycle testing can also be applied to

determine a mater[d4al 6s fatigue properties

Flexible coupling

Counter
—1

Specimen High-speed

Bearing housing

Load Load

Figure2.12: Schematic diagram of fatigdesting withrotating bending24]

The resulting number of cycles to failure for a specific material under a specific amount of stress will
be shown on the counter and is used to plot tNecBrve. "SN" means stress versus cycles téufa,

and is displayed with the stress amplitude on the vertical axis and the logarithm of the number of cycles
to failure on the horizontal axis. There are two types -df &urves based on the behavior of the
material: ferrous materials (iron based) usuedach a level of stress above which that material will

not fail (the endurance limit) and theNScurve proceedas a horizontal linéqjgure2.13a), nonferrous
material such as Al, Cu and Mg do not have an endurance limit and the fatigue nepgrésented by
fatigue strength where the material will fail at some paind¢l the S-N curve trend will continue

downward Figure2.13b).
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Figure2.13: Schematic of the-8l curves of (a) a material that has an endurance limit and (b) a materi

does not have an endurance lif2i4]

The term corrosion fatigue refers to the process that causes metal fractures due to the combined
influence of cyclic stresses (fatigue) and the corrosion environf88ht Corrosion fatigue failre
depends on three basic conditions occurring: loading, a corrosive environment and a susceptible
material. The fatigue process is caused by the rupturing of the protective passive film, followed by
corrosion acceleration due to the metal being expasaatorrosive environment. The failure will take

place at even lower loads and after a shorter period of time if the material is not in dry air. The terms
fatigue and corrosion fatigue are similar in many aspects including method of initiation, moteef fai

and methods of prevention. Thlwerrosion fatigue failure scenario can be summarized into three
staged440],[41]:

I.  Crack Initiation: usually the failure starts from cracks that initiate fromos@mn pits after a
large number of loading cycles.
II.  Crack Propagation: the initiated crack will grow due to the applied stresses and the corrosive
environment.
Il. Failure: final fracture occurs suddenly after a large number of cycles when the material canno

resist the applied stress.

After failure, studying the fracture surface is essential as it provides a lot of information about the
causes of the failure and the time it takes the material to proceed from crack initiation to the final

fracture. It will abo provide information about the type and direction of forces applied to the failed
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part. Fatigue fractographic features can be seen at both sweoand micrscale. Macrescale
fractography refers to features or marks on the fracture surface thag cdoserved and measured by

the naked eye, while micigcale fractography refers to features or marks on the fracture surface that
can only be observed and measured by using special microscopic equipment such as an optical
microscope or a scanning electromicroscope[40],[42]. The most important features that can be
detected from a fracture surface include:

Failure origin or fracture initiation sites are usually located near or at the surface. ddgeorigin of

the failure can be viewed in maesoale, and it could be a single origin point indicating that the failure
had occurred with low overstress, or multiple reversed originswiays) which could resultrom high

stress or high stress contmtion (Figure 2.14). Micro-scale initiation sites usually include small
cleavage cracks, some porosity and other imperfection that can initiate the crack such as nicks,
machining marks or corrosion pits that work as stress fi$@r$43].

Origin #1

| ————
Fatigue
(Slow Fracture)
Zone

#1 Fatigue Zone

#2 Fatigue Zone

(Fast Fracture)

Zone Origin H2

a b

Figure2.14: Schematic macroscopic surface features, (a) single origin and (b) two ¢4igjins

9 Final fracture, or the overload zone owerstress zone as it is also known, is simply the area where
the final fracture takes place. This zone or area is usually seen macroscopically as brittle but sometimes
a small amount of ductility coulexist From this zone, we can find out about the lapglied when
the final fracture happened. For example, if the overload zone is large this indicates that the part went
t hrough a high amount of stress during the fin:
directly on the strength of the materithe roughness increases as the streafythe material used
increase$40],[43].
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9 Progression marksare usually recognized in maesoale and give a lot of information about crack
growth. Thesenarks only exist in fractures with variations in the applied stress. The common name for
these marks is Obeach marksdé; the name capturin
beach Figure2.15). Prggressiomrmarks are usually generated in one of two ways, by a change in the
loading or frequency, or by a change in stress amplitude (e.g:ugtarnd shutdown forcep)0],[43].

Origin 1

Beachmarks

Origin 2

Figure2.15: Fatigue fracture surface showing two origins with progression beach fatks

Beach marks should be distinguished from fatigue striations which look similar. Themliffes that
fatigue striations indicate each stress cycle practiced by the part and they can only be seen using a very

high magnification level; beach marks can be sBenaked ey§43] (Figure2.16).

Origin

l . .

\ Visible
\Progression "
Marks ; : |"\_ ‘.gl:;;,u_

otriations
Figure2.16: Schematic showing beach marks and striation njdf{s

1 Ratchet marks are the borders between two adjacent failure planes. The existerfeesefrbarks

points to multiple origingrigure2.17 shows ratchenarks that separate the two origin cracks. Valuable
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information can be generated simply by studying the ratchet marks and the size of the fsaefdd].z
For example, it would be easy determine the major cause of the fracture, whether it was the load or the
stress concentration. If there were many ratchet marks and a small overload zone, this would indicate

failure urder a light load and a high stress concentration.

Figure2.17: Fatigue fracture surface showing (a) two ratchet marks and multiple origins

result from bending force, and (b) ratchet marks resulting from torsion[#8te

The ratchet mark edges indicate whether torsional forces were involvetheitailure.Figure2.18
shows two examples, one of which shows ratomatks perpendicular to the fracture face indicating
that bending or tension caused the failure, and one with tapering ratchet marks indicating that the

primary load causing the failure was torsional.

q /

W/
I\
Side view of ratchet marks Side view of ratchet marks
caused by tension or bending where the majortf)orce was torsion
a

Figure2.18: Schematic showing two different angles for ratchet marks caused by (a) tension or
bending (b) torsiof3]

In the case of multiple origins being found on a fracture surface, by analyzing the ratchet mark angles

it can be ascertained which origin is the priymame. Foexample, ifFigure2.19, sincethe middle two
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ratchet marks are somewhat closer at the surface, it could be concluded that the failure began between
them[40],[43].

Primary Origin
Multiple Origins g/ 2 L

W///////////////////////////W

C

Figure2.19: Schematic showing multiple origins and multiple ratchet mgt&k

~-Instantaneous Zone

Although corrosion fatigel failure can have heavy and costly consequences in maintenance and
equipment, it can be controlled if new designs and procedures take into consideration the factors that
may influence fatigue life. The following are the most effective approaches to ngdhei risk of
corrosion fatigue in any type of material:
I.  Protecting the material from the corrosive environment by using coatings and/or inhibitors.
[I.  Using more corrosion resistant materials which have a better fatigue life.
Il Insuring good design that lps to minimize the stress concentration of components that are
in cyclic service.

V. Eliminating or reducing stress raisers such as notches and sharp filler by streamlining the

part.
V.  Removing grinding marks, nicks and gouges if possible on the surfacenpboents.
VI.  Ensuring good fit up and smooth transitions for welds, and minimizing weld defects.
VII. Performing a periodic inspection to the part for any sign of cracks and replacing the part once

a crack exceeds a critical length.
VIIL. FEA (Finite Element Analysi) stressanalysis can be used, as it can predict the crack

initiation.
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2.3 Accelerated Corrosion Testing

Due to industrial demand for new materials and alloys that offer good corrosion and wear resistance in
different environments, accelerated corrosion ngsis being heavily used to test and compare new
alloys. Accelerated corrosion testing employs testing methods that provide corrosion results in a much
shorter time than it takes for corrosion to occur in actual life. The first accelerated corrosigniastin
carried out in 1914, at which time the wkllown ASTM B117 salt spray (fog) testing was
incorporated12]. Usually a cabinet or chamber is used to provide a testing environment in which
specimens are exposed to corresidlements for a given period of time. After exposure, the specimen
undergoes a cleaning process followed by an examination for corrosion, blisters and/or pitting and a
coating evaluation. Acceleratambrrosion testing can be divided into two types: staticelerated

corrosion testing and cyclic accelerated corrosion testing.

In static testing, the chamber maintains a single environment during the entire testingTeriSellt

Fog Test (ASTM B117is the best known example of static accelerated comasgiing in which the

testing specimens or parts are continuously exposed to a 5% salt sptaglasolutionwith a pH
between 6.5 to 7.2 and a temperature of 35°C, 1i@% relative humidity12]. ASTM B117 has been
acceped as the standard corrosion test method for plated and painted finishes, electrical and military
components. Howeverrganizations such as ASTM, the Society of Automotive Engineers (SAE), the
American Iron and Steel Institute (AISI), the Federation @i&ies for Coatings Technologies (FSCT)

and others, have realized the need to develop a more realistic accelerated testatiethtthn static
testing method44].

Cyclic accelerated corrosion testing was first introduced in England by Harrison and Timmons during
the 1960445]. In this type oftesting, the materials under study are exposed to different environments
such as ambig, fog (spray), humid and dry environments. These different exposure environments
make the cyclic corrosion testing more realistic and correlate to actual atmospheric exposure conditions.
In the automotive industry, different standards have been issuaapfoopriate cyclic accelerated
corrosion testing. Some commonly used tests include the F66d |46], the GM 9540047], and the

SAE J233448]. Table2.4 summarizes the cyclic accelerated corrosion tests most commonly used by

the automotive industry.
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Table2.4: Summary of the cyclic accelerated corrosion tests that commonly used in automotive
industry
Standard Salt Solution Exposure # of cycles Correlation to
real life
Continuous exposure tq As agreed between
ASTM B117 | 5% NacCl salt spray at 35°C, requester and Not specified
[12] 100% relative humidity| corrosion departmen
and solution pH
between 6.5t0 7.2
6h wet (fog) aR5°C As agreed between
Ford L-467 | 0.5%NacCl 2.5h transition phase | requester and Not specified
[46] 15.5h constant temp. | corrosion departmen
50°C and humidity of
70%
1.25% complex salt | 8h wet (fog) at 49°C | Depends on the 40 cycles 40 days)
solution composed of | gp gry off at 60°C, location of the tested| of GM 9540P is
0.9% sodium chloride | _
GM 9540P | NaCl,0.1% calcium 030% RH components approximately
[47] chloride and 0.25% | gh ambient at 25°C, | (underbody, equal to 5 year
sodium bicarbonate
45% RH underhood or performancg49]
exterior) with
maximum number of
cycles =80
0.675% of complex sal| 6h humid stage at 50°C
solution composed of | 100% RH Reported to be
SAE J2334 | 0.5% sodium chloride, | 15min salt immersion | Minimum 60 equivalentto 5
[48] 0.1% calcium chloride | stage under ambient years exposure in
and 0. 075% sodium | conditions field testing in
bicarbonate 17h 45min dry off stags Montreal
at 60°C, 50% RH
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2.4 Corrosion Protection Methods

Usually, through the alloying method, the corrosion resistance of Mg is imptéeegver, alloying

Mg with other elements is not enough to provide the necessary corrosion protection. Therefore, further
protection of the Mg alloy surface is required. @Qugis the most widely used method to improve the
corrosion resistance of Mg alloys; the coating inhibiting electric contact between the substrate and the
sample surface. There are many different types of coating and methods of application. However, the
pre-treatment and cleaning processes completed prior to the application of any coating are also critical.
The appropriate prgeatment helps to ensure the success of the coating and usually follows these steps:
mechanical préreatmentnclude grinding, pashing, particleblasting and brushing. Alkaline cleaning

is used mainly to remove any oils, grease or organic materialc@hetehing is usetb eliminate any

oxide or hydroxide on the surface of the Mg al[8}. The following are the most commonly used
techniques for coating:

2.4.1 Chemical Conversion Coating

Chemicalconversioncoatingis considered one of the most effective and cheapest ways to prevent the
corrosion of Mg all oyds base immetsedlinsa.solufion ehicmet a l
contains certain compounds that react with the surface. The reaction causes precipitation from the
solution onto the surface of the base metal, forming a film, which provides a barrier between the metal
and its environment thugh the corrosion inhibiting chemicals it contains. One of the biggest
challenges with conversion coatings is to produce efi@ek coatings with uniform coveragg],[8].
Figure2.20 shows theconventional conversion coating proceBsere are some factors that influence

the effectiveness of conversion coating such as thérgaément processes used, the composition of

the Mg alloy, the composition of the conversiomialation, any postreatment procedures used, and

the operational parameters such as temperature afit] j#8]. The most common conversion coating
processes for Mg alloys are based on phospltit®mate, fluorate, stannate, and cerium baths.
Chromate conversion coatings have been used extensively-tiegireent methods for Mg alloys to
achieve good corrosion resistance and they result in a uniform layer on the Rjrfatmvever the
downside ofthromate conversion coatiigthe highly toxic and carcinogenic nature of th& @rthe
chromate bath, which means its use is prohidite@nvironmental regulatierl]. Because of this,
reearch has focused on findisgromiumfree and more environmentally friendly conversion coating
techniques which have corrosion resistance as good as the chromate conversion coating. Phosphate

silane[50] and zinephosphate aoversion coatingb1] are examples of such chromitfree coatings.

28



However, these conversion coatings are-tpgatments in effect as the surfaces coated by these
processes usually have unsatisfactory corrosion protectiomgioy applications. They do offer a good

adhesion surface for paints though.

Mechanical Pretreatment in acidic  Other applicable  Pretreatment in basic Conversion coating
polishing activator solution pretreatments conditioner solution process in solution

Figure2.20: Steps in the conventional conversion coating process using AZ91D Md&lloy

2.4.2 Electrochemical Plating

Electrochemical plating is one of the most cost effective and simplest techniques for introducing a
metallic coating to a substrate. The plating process can be divided into two groups: electroplating and
electroless plating?rior to eletroplating and after performing the appropriatefpeatment, the metal

must be given an undercoating either through direct electroleB<dlting or Zn immersion followed

by preelectroplating Cu, Ni, and Z1i],[52]. The appropriate undercoating will result in a good plating
process. In electroplating, through a process called electrodeposition, electrons are supplied from an
external source treducethe dissolved metatétions in order to form a coherent metal coating on an
electrodeElectroplating is used mainly to change the surface properties of an objeetf@siorand

wear resistance;orrosionprotection, qualities). Electroplating for Mg alloys is usually performed
through three layers (GNi-Cr). The bottom layer of Cu ensures good adhesion, the Ni layer provides
corrosion resistance and Cr is a high streng#iterial for the outer layer. Combining these three
elements together will result in a good coating system for Mg al&R)s In electroless or chemical
plating, the reducing electrons are supplied by a chemical reducing agent in solution or, in the case of
immersion plating, the substrate itself-RNialloy coating is most frequently used in this technique.
Electroless |ating provides a uniform deposition on irregular parts. The problem with the plating
methods is that they do not form a strong adhesion plating film on Mg alloys due to the high chemical

activity of Mg. However, some case studies have revealed good goatihesion and
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uniformity [9],[52]. It was reported that in the case of plativig alloy AZ31 with Cu Figure2.21),

there was good adhesion to the Mg substrate and a uniform 13 um coating tHigkness

Figure2.21. Example of copper plating on Mg AZ[®1

2.4.3 Plasma Electrolytic Oxidation (PEO)

Plasma Electrolytic Oxidation (PEO) Procesispknown as micrearc oxidation and spark anodizing,

is an environmentally friendly coating technique. PEO is one of the most popular coatingsiethod
recent years for Mg alloys in the industrialized world. This method passes high voltages (usually from
100 to 500V) through the surface to be coated in an electrolytic bath containing chemicals such as
phosphates, silicates, hydroxides, fluorides Ebe resultant oxide coating is considered to be thick,

hard, a very good adherent for ceramic coatings, and provide good corrosion resistance to the substrate.
The coating that is formed usually consists of three layers with distinct levels of portusitypper

layer being the most porous and loose 1§y8},[54]. Figure2.22 showsa cross section of PEO ceramic
coating that was applied on AZ31 Mg allat 300 V/3 A/40 min. The oxidized ceramic coating consists

of aloose layer (1), compact layer (II) and contact layer (lIl), and the total thickness is aboutl2)).
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Figure2.22: Microstructure of plasma electrolytic oxidation ceramic coating with three layers as (I)

loose layer, (II) compact layer and (Ill) contact lajj]

Many studies have been performed using PEO on AZ31 Mg alldgxamined including eramic
coatingobtained througtmicro-arc oxidation processg8], PEO of AZ31 in silicate solutions with
different additived55], PEO of AZ31 with aerosol depositig6] and PEO of AZ31 with cerium

conversion composite coatsh7].

2.4.4 Cold Spray Coating

Cold spray coating, also known as cold gas dynamic spraying angidagity particle consolidation,

is a simple échnique for surface protectionh@ concept of coating one metal with another was
introduced early in the 0century, with Thurston patenting a method in 1982]. Schoop then
patented a method to coat surfaces by sprayiam with molten metal droplets, in 1915, the idea
having come to him after he saw the deposition left on a wall after throwing a mud H&8htii the

late 1980s, a team from the Institute of Theoretical and Appliezhbecs of the Siberian Division of
the Russian Academy of Science developed a method of applying a cold spray [&8a&tifilge cold
spray technique went through years of development and modifications in the US and Gethmaow an

has become one of the most important means for applying surface protection forim#tsl@rocess,
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a small metal powddq1i5 0 édsmaqcelerated in a gas flatthe desired metal surface at velocities

of 5001000 m/s at a temperature that iwés than lhe melting point of th@owder[59],[60]. After

leaving the accelerating nozzle, the particles impact the surface of the substrate and due to the high rate
of plastic deformation anidcalized shear strainingheparticles bond to the substratad result in a

solid state coating layer on the substrateimple schematic of a typical cefppray apparatus shown

in Figure2.23. A typical cold spray system csists of a powder feeder, supersonic nozzle, source for
compressing the gas (helium, nitrogen or air), gas heater, spraying chamber and monitoring system for
controlling the test parametd9],[60].

Powder feeder Substrate

=) . g
T R et e

Laval type nozzle

Gas, =¥
15 - 35 bar

Gas heater,
100 - 600 °C

Figure2.23: Schematic drawing of a typical cold gas spray appafa@js

There are basically two type$ cold spray systems: high pressure cold spray (HPCS) and ¢éssype

cold spray (LPCS). These two types differ in two ways. In an HPCS syste30, 124&s of gas pressure

are used while an LPCS system uses orlY bars of pressure. The second distinction is that HPCS
systems use axial injection for the powder windldial injection is utilized in LPC$8],[60]. Good
deposition of cold spray coating depends on many factors. The critical velocity is the minimum velocity
the particles have to reach to transit froausingerosionto the substrate. It is very important fdet

particle velocity used in cold spraying to be greater than the critical velocity in order for deposition to
occur, otherwise particles will either reflect or cause erosion on the substrate Ea8jd6&]. The

particle diameter also has a significant influence on the deposition process as it has been reported that
small particles can be more easily accelerated and have higher impact velocity than larger particles,

thus resulting in a better abng with lower porosity58]. The particle size can also affect the process
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itself, for example, i f us.i,degicepaaaetcloggihgenay ogcurt h
The plastic behavior of the substrate aadiples is also relevant to the deposition efficiency; it has
been reported that using particles which are more plastic than the substrate will result in a better
deposition of the coating. Materials with an FCC structure have the highest plasticityefblby
materials with hexagonal structures, while materials with a BCC structure have the lowest
plasticity [58]. Figure2.24 shows scanning electron micrographs of Cu particleshénatbeen cold

sprayed on a Cu substrate

Figure2.24: Scanning electron miographs of cold sprayed copper particles on a copper substrate

overview and (b) a closap imageg61]

In this research study, aluminum powder cold spray coating is being applied on the substititg Mg a
AZ31B and nitrogen(oxygenfree) was used as the propellant gasis coating wasstudied to
investigate its effectiveness on the corrosion protection and corrosion fatigue life enhancement of Mg
alloy AZ31B.
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2.5 Literature Review

2.5.1 Corrosion of Mg Alloys

Even though the concerned alloy in this research is AZ31B, rexfiprevious studies on tle®rrosion

of different Mg alloys from different aspedss given in the table below for a bitter understanding of
the corrosion of AZ31B.

Author Corrosion Sidy Mechanism Findings

Two sets of AZ91 Mg alloy with different M| Mn is an important alloying element for

and Fe concentrations were corrosion teste( enabling Mg alloys with acceptable corrosig
O. Lunder, | immersion in 5% NaCl solution for 3 days | resistance especially when the proper Mn/F
1987[62] | study the effect of adding Mn on the cofos| ratio is selected.

behaviour of AZ91.

Different heat treated AZ9Mg alloys in the| T h e-phdse in AZ91 Mg alloy is mor

form of-cast (F), homogenized (T4), al corrosion resistant than thersounding matrix
O. Lunder, | artificially-aged  (T6), with differentfdue t o a bet t e-phask atshd
1989(63] di st r i b-phase mnths allay fverebtest( ground boundaries. The T6 alloy exhibited

by 3 days immersion in 5% NacCl solution. | best corrosion resistance and the T4 sho

the worst.
Solutiontreated (T4) and dficially aged (T6)| The T6 heat treatment decreased the Al con
T. Beldjoudi, | AZ91 Mg alloys were corrosion tested ith% | and theMgi7Al12 precipitated and act as

1993[64] NacCl solution.Electrochemical investigation cathode to the alloy which improved

were performed. corrosion resistance.

AZ21, AZ501 and AZ91 Mg alloys werl In terms of the corrosion rate and hydrog

corrosion tested in a 1N Khasolution for 100| evolution, the tested alloys performed

hours at room temperature. Results wf ol | ows: AZ501 AZ
G. Song, | presented by measuring electrochemi volume is big, it will act as anode barrier a
1998[65] polarization curves for the tested alloys. protect the alloy.

small, it will act as a cathode and corrode

Uphase.
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S. Mathieu,
2002[34]

High pressure dieast and sensolid cast
AZ91D were corrosion tested for 7 days
ASTM  D138487

temperature.

solution at roon

The semisolid process
di stributi

improved th

on of the
increasen the corrosion resistance as comp

to the high pressure process.

Ming-Chun,
2008[35]

AZ91D and reference pure material wg
corrosion tested by immersion in a 1IN N
solution for 48 and 96 hrs. The corrosi
behavour was evaluated in terms of t
evolved hydrogen and also by measuring

weight reduction of the specimens.

T h e-phdse in AZ91 works as a corrosi
barrier as opposed to the alloy matrix. T
corrosion rate for AZ91 is larger than for pt
Mg. The corosion rate is directly related to tk
hydrogen evolution rate.

Ming-Chun,
2009[66]

Pure Mg, AZ31, AZ91, AM30, AM60 an
ZE41 alloys were corrosion tested

immersion in 3wt% NaCl solution for 12 day,
ratg

Hydrogen evolution and corrosion

measurements were performed.

The corrosion behaviour of all tested allg
mainly depended on the volume fraction &
el ectrochemi c alphaperanc
t he

compos-phaseon of

C. Ying,
2009[67]

Immersion corrosion testing in 1mol/liter Na
solution for AZ31, AZ91, AM60 and ZK6
alloys was performed. The results we

presented by electrochemical

potenitynamic

impedand
spectroscopy and

polarizationtechniques.

Corrosion resistancdollowed this patterr
ZK6O0 AM6 0 AZ31
morphology for the four alloys depended
the distributi
in AZ91 is hi ghe-phasg
was higher which led to more micro galvai
cellsin AZ91.

on of

W. Liu,
2009[68]
2010[69]

AM60 and AM60 Mg alloy with the additio
of Ce or La alloys were corrosion tested
immersion test in 3.5% NaCl for 10 days
room temperature. The results were lared
by electrochemical and hydrogen evoluti
measurements in addition to t

microstructures study.

The addition of Ce or La provides a significa
improvement in the corrosion resistance
AM6 0 t he olmpe

that has the shapof a needle and results in

due to

content r ed-phase.i on f
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T. Zhang,
201170]

AZ91 alloys were tested as cast and extrug
by immersion in a 3.5% NaCl solution at rog
temperature for 12 hours. The test
analyzedby weight loss and electrochemig

measurements.

The extrusion process for AZ91 worsened
corrosion resistance of the alloy becaus
decreased and changed the distribution of
b-phase as compared to that of the cast AZ

R. Arrabal,
2012[71]

AM50 and AZ91D alloys with the addition (¢
up to 1.5wt% of Nd were corrosion tested
immersion in 3.5% NacCl solution at 22°C f
up to 5 days. The test was analyzed by galv.

and electrochemical measurements.

Adding Nd b AM50 and AZ91D reduced th
b-phase due to the appearance ofNalwhich
decreased the micigalvanic peformance
Adding 4&ao0. 8wt % Nd 1
rate of AM50 and AZ91D by 90%, but addi

more Nd did not reduce the rate any furthe

H. Matsubaa
2013[72]

AM50 and AMG60 alloys were corrosion test
by in 5% NaCl

temperature of 45°C for-24 hour periods td

immersion solution a
study the effect of impurity Fe. The resu
were analyzed by corrosion weight a

microscopic observations.

The corrosion rate depended on the percen
of the impurity and increased as the Fe/
ratio increased. The detectextlusions,from
which the corrosion initiated, were mostly

and Mn with a small quantity of Fe.

W. Song,
2014[73]

Extruded AM30 alloy was tested with cycl
salt spray testing that included a 3.5wt% Nz
salt solution, high humidity and dry cycles
35°C as well asmmersion in a 3.5wt% Nad
at room temperature for 60 hours. Results W

analyzed macrocand mcroscopically.

The general corrosion was more severe in
immersion testing than in the salt spray tes
due to longer solution exposure. There
faster pit nucleation under immersion testi
There was more filiform corrosion apparent

specimensested with the salt spray.

R. Matthew,
2015[74]

Immersion corrosion testing of Mg allg
ZEK100 in 1.6wt% NaCl, 0.16wt% NacCl ar
deionized water

was performed. T

potentiodynamic polarization curve was
plotted and macro corrosion pictures w

analyzed.

The corrosion behaviour was related to @le
content in the tested solutioithree phases
were found on the corrosion surfadédg-Zn-
Nd (T-phase); ZrZr, Zr; and Fecontaining Zr

(the most active cathogdhase).
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2.5.2 Corrosion of AZ31B

The corrosion behavior of Mg alloy AZ31B has been studied inatheratory from different aspects
and under different corrosive environments and setups. The following are the corrosion studies that
were performed on Mg alloy AZ31B:

Aung [36] studied the effect of grain size and twins on the corrosion behavior of AZ31B. Testing
coupons with different heat treatments at 200, 300, 400 and 500 °C for 3 hour periods (which affects
the grain size) were prepared and corrosion tested by inomersi3.5wt% NaCl solution at room
temperature for a maximum of 2 days. The results were analyzed by weight loss, hydrogen evolution
and potentiodynamic measurements. It was concluded that the existence of twins-netleévad and

200 °C heat treatecamples increased the corrosion severity. The application of heat treatment at 300
°C eliminated the twins and the corrosion resistance improved, however, corrosion pits appeared in
samples heat treated at 400 and 500 °C and the worst corrosion wasteees0ih °C samples.

Qu[5] investigated the corrosion behavior of AZ31B in different concentrations of NaCl sol@tion (
10°, 104, 103, 102 10 mol L1), with and without C@saturation, by immersion. Electrochemical
meaurements and surface analysis revealed that the corrosion rate increased as the NaCl concentration
increased, and that the saturated NaCl solution increased the corrosion severity. However, as the
immersion time lengthened, the €@rovided a thicker prettive film and decreased the average
corrosion rate.

Zhang[75] prepared different AZ31B group of bars by different extrusion ratio. Immersion corrosion
testing in 4wt% NaCl solution with pH of 7 for three days were performed in addition to others
mechanical testing to study the effect of the different extrusadm preparation on the corrosion
behavior and on the mechanical properties of the alloys. It was concluded from this study that raising
the extrusion ratio resulted in decreasing the grain size which improve the corrosion resistance of the
alloy. Also ths will lead to improving the yield strength and ultimate tensile strength of the alloy. It
was also concluded that increasing the pH level will increase the corrosion resistance of AZ31B.
Pu[76] performed burnishing on AZ31B in order to improve the corrosion resistance of the alloy by
refining the grains and basal texture. Immersion corrosion testing in 5wt% NaCl solution at room
temperature for 200 hours of burnished, and unburnished)esmas performed and the results were
analyzed bysurface analysiandelectrochemical measurements. The burnishing process resulted in

major grain refinements which led to better corrosion resistance. It was also concluded that the small
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grain with little basal texture had less corrosion than the small grain with strong basal texture. No clear
evidence was found in regards to the relation between residual stress and corrosion performance.
Liao [6] studied the effect of AZ31B grain size on corrosion performance. By immersion and cyclic
salt spray testing in 5wt% NaCl solution for 96 hours, he studied two AZ31B alloys with refined grains
in comparison to two regular hot extruded AZ31B and AM&@es. The results were analyzed by
surface analysisyeight loss anaklectrochemical measurements. It was shown that the fine grained
AZ31B alloys had better corrosion resistance than the other samples and he further concluded that
reducing the grain s&zwill enhance the passivity of the alldy 2013, Liao also studie@rain size

effect on corrosion behavior by testing fine grained AZ31B in comparison with hot extruded AZ31B
with coarser grainf/7]. The corrosion study was accomplished by exposing the alloys to marine and
urban environments for a period of one year and then performing macro and micro analysis and weight
loss measurements. It was found that the fine grained alloy exhibited t@ttosion resistance than

the more commonly used hot extruded alloy and the improvement in the corrosion resistance was
attributed to the smaller grain size. The marine environment resulted in more aggressive corrosion for
both alloys due to the higheoncentration of NaCl in the marine environment versus the urban
environment.

A comparative study of AZ31B usingnmersion and potentiodynamic polarization testing with
different concentrations of NaCl solution (L2V), pH levels (312), and exposure ties (18 hrs.),

was conducted byhirumalaikumarasamiyn 2014 [78]. The three variables that were manipulates
considered to be the most important factors affecting the corrosion behavior of AZ31B and the ranges
selected rdéct areas where the corrosion study results were limited to date. It was concluded from this
work that the corrosion rate resulting from immersion testing is higher than that from potentiodynamic
polarization testing. It was also reported that an acididiancauses more severe corrosion than alkaline
media, and that the highest corrosion rate was at pH = 3. Finally, it was concluded that as the duration
of the immersion test period increased a hydroxide film was shaped and improved the corrosion

resistane of the alloy.

All of the above corrosion researches were performed using immersion testing techniqud, avtdice n 6 t
mimic theautomotive service environmentwsll assalt spray testing (fog)he used corrosion testing

technique in this research.
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2.5.3 Corrosion Fatigue of AZ31B

The corrosion fatigue behavior of different alloys and materials can be investigated in the laboratory
under different corrosive environments and setups. The following are the corrosion fatigue studies that
have been performed on Mdloy AZ31:

In 2008, Nan [79] performed corrosion fatigue testing of extruded alloy AZ31 using a 3% NacCl
environment that was dripped on the smooth specimen under test at a flow rate of 140 ml/min and
circulated back to the &Cl solution tank. The NaCl solution was exchanged once each day. A rotating
bending machine was used for the fatigue testing at a frequency of 30 Hz and at room temperature. In
order to protect the specimens under test from crevice corrosion, spea@scvagee protected with

silicon resin. The SN curve Figure2.25) wasplotted based on the test results and it was compared
with the results of fatigue testing on the same alloy but in laboratory air. An endurance limit at 120
MPa can be observed from the fatigue behavior of AZ31 in air, but there is no sudh timei NaCl

corrosive environment where the specimen always failed regardless of the stress level.
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Figure2.25: SN curve for extruded AZ31 alloy in air and 3.5% N§3]

This failure was attributed to the initiation of corrosion pits and crack growth on the specimens which
grew until failure occurred when the stress rose above 120 MPa. Nan related the corrosion pit growth

rate with the magnitude of the stress with theotelhg expression:

0 & pm  pdY o

Wh e r,and tirepresent the stress amplitude (MPa) and the failure time (hr).
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1 In other work, Eliezef11] performed corrosion fatigue testing of -di@stAM50 and extrusiorAZ31
alloys to study the fact that an increase in the Al percentage AIMIn-Mn alloys will lead to an
increase in the fatigue life of the alloys in both air and corrosive environmeBts. 8 % Na C| (pHa!
solution was used as a corrosive environment and Wazedron the gauge of the specimen under test.
A rotating bending machine was used to induce fatigue at a frequency of 30 Hz and at roosatuespe
The SN curve figure2.26) was plotted based on the corrosdrerironment fatigue test results for the
AZ31 alloy and it was compared with the same test results for AM50 and for the two alloys tested in
the laboratory air environmerit.was concluded that the fatigue life in air for all of the tested alloys
decrease significantly when compared to testing in the 3.5 NaCl solution but this decrease was more

for the extrusion alloy.

180 | ®  AZ31, air -
- —@—AZ31, NaCl

—+— AMS0, air

—+—AMS50, NaCl

- —
4 o
< =]

| 1

Applied stress, MPa
2
1

10 10° 10° 107 10

Cycles to failure, N
Figure2.26: SN curve for extruded AZ31 and AM50 alloys in air (1), AM50 in 3.5% NacCl (2),
AZ31 in 3.5% NaCl (3]11]

1 In 2003, Unigovski[80] studied the corrosion fatig of different extrudeAZ31, AM50 and ZK60 Mg
alloys inair, 3.5% NaCl, 3.5% NaCl saturated with Mg(GH).1N NaB.O; buffer solution and 0.1N
Na:B4O- saturated with Mg(OH) For the solutions environment, he useltipping down solution on
the specime gauge surface while circulating the solution between the specimen and the corrosion tank
during the experiment with a constant rate pump. In this study, it was concluded that the fatigue life of

all of the alloys in air was significantly longer than im®@tcontaining solutionsThe ZK60 alloy
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showed very high fatigue life and corrosion fatigue properties in comparison to the other alloys. The
buffer NaB4O; solution reduced the fatigue life of the AZ31 alloy, while the saturatioB/da
solution with MdOH). had no effect on the corrosion fatigue behavior of the AZ31 alloy; however, the
Mg(OH). saturated 3.5% NacCl increased the corrosion fatigue life for the AZ31 alloy as shown in the
SN curve Figure2.27).
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Cycles to failure, (V)
Figure2.27: SN curve for extruded AZ31 alloy (1) in air, (2) in 3.5% sodium chloride, (3) in 0.1N
borate, and (4) 0.1N borate solution saturated with magnesium hyd[8&jde

1 Precorroded specimens in accelerated salt spray fog environments were Gsledainm 20$0&vork
for investigating the fatigue behaviour of bare andqmeoded Mg alloy AZ31 sampl¢81]. The pre
corrosion was ecomplished based on the ASTM B117 standard with a 5% NaCl solution and a 6 hour
exposure period. The fatigue testing was performed with two hydrolic MTS machines with a capacity
of 100 and 250 KN, respectively. It was concluded that thegpmeded matéal had lost 50% of its
fatigue limit compared to the worroded material. From the-I$ curve, it can be seen that the
endurance limit was at a stress of 155 MPa which is close to the yield of AZ31 (163 MPa).-The pre
corrosion caused the initiation offpift ng on t he specimensd surface wh
growth.

It should be mentioned that there have been no
knowledge, on the corrosion fatigue AZ31 extrusion Mgalloy with Al cold spray codg. In this
research study, a comparison of corrosion fatigue life between bare and Al cold spraicpalieg

AZ31Bis given.
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2.5.4 Cold Spray of Mg Alloys

Significant amounts of research have been conducted on the coating of Mg alloys with Al particles by
using cold spraying techniques and its effect on the corrosion resistance and the mechanical properties
of the alloy.

Mixing of particles into cold spray coating stusli@ere carried out by Iriss¢82] in 2007 andSpencer

in 2009[83]. Both groupsstudied the addition of hard ceramic particles into cold sprayed coatings in
order to achieve higher densities of coating wi
work, he compared thmld spray coating resulting from applying pure Al powder feedstock, Al + 25%
Al,Osand Al + 75% AJOs composite coatings on AZ91E Mg alloy substrates. After studying the
microstructure for the three different coatings, it was observed that some papp&gred in the pure

Al coating, while when using the same cold spray conditions, a uniform and porosity free coating was
achieved after the addition of 25% ceramie@l The addition of higher proportions of 28k (i.e.,

>25%), resulted in a reduction the deposition quality. According to the researchers, the results
demonstrated that the Al ,Os composite coating was stronger than the pure Al coating. For corrosion
behavior comparison, both salt spray testing and electrochemical testing usingdie@siogynamic
polarization were used in a neutral 5% NaCl solution. It was reported that the corrosion performance
under both corrosion test scenarios was very similar for all three coatings, and that the corrosion
resistance of the three coatings wasilsinto that of the bulk Al alloy comparator. However, the
corrosion resistance performance of the three coatings was much better than that of the bare Mg alloy
AZ91E substrate, in both corrosion testing environmggik[82].

Tao[84] studied the effectsf mixing pure Al powder with 25%}Al,03 (Al25) and 50%U-Al,Os

(AI50) particles on the cold spray coating performance. He tested three groups of specimenghthose w
pure Al coating, Al25 and Al50, and compared the adhesion strength for the coating/substrate and the
presence of micraracks within coating. According to his findings, the composite coatings showed
better adhesion strength to substrate than the pummating, and while some miciyacks were

noticed on the pure Al coating/substrate interface almost none were seen at the AI50 coating/substrate
interface. The corrosion performance of samples with the three types of coating were compared to the
perffoommce of AZ91D and bare pure Al SAkaOppthepmrse The
Al spray powder had no particular benefit as the corrosion current density of the three types of coating

were almost the same. However, all three of the coatings eshdyettercorrosion resistance
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T

performance than the AZ91D, as their corrosion current densities were three or@erhéowthat of
AZ91D (Figure2.28).
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Figure2.28: Potentiodynamic polarization curves in 3.5 wt.% NaCl solJ&di

In 2010 Tao also studied the effeftcold spray coating on cast AZ91D using 1 to 40 um spherical
pure Al particled85]. According to the crossection micrographs reported, the coating shows good
coating/substrate interface although some miaiaad cracks and pores were apparently detected
within the coatFor the corrosion study, electrochemical measurements and sudgaeotogy were
performed on Al coated and bulk Al sampddter immersion in a 3.5wt% NaCl solutitor comparison
purposes. The surface morphology study indicated that the Al cold spray exhibited better corrosion
resistance than the bulk Al on which soaneas were severely corroded. The cyclic polarisation curves
for the Al coating and bulk Alfigure2.29), indicate that the bulk Al has a greater tendency for pitting
corrosion given the smaller difference betwés: and Eo (lower resistance). The curves also indicate

that the Al coating has better repassivation than the bulk since it shows a bigger difference hetween E
and Eor-
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Figure2.29: Cyclic polariation curves of cold sprayed pure Al coating and bulk pure Al after 1 h of
immersion in a 3.5 wt.% NaCl soluti¢®5]

1 Spraying Mg substrate with high purity Al particles will result in a coating with low hardness.
Deforce[60] tested the cold spray coating of cast ZE4NAMg alloy with high purity Al powder that
contained 5wt.% Mg in order to enhance the hardness of the new alloy. For comparison, four groups of
testing samples were prepared byagpcoating with: 1) commercially pure 99.5wt.% Al pure particle
powder, 2) high pure 99.95wt.% Al pure particle powder, 3) AA5356 5wt.% Mg powder, and 4)
AA4047 12wt.% Si powder. The results showed thahthk purity Al powder coatings showed highest
achesion strengtland corrosion performance as they were tested in salt spray fog (ASTM B117) for
1000 hours withoufailure. The highest hardness measured wasABB56 5wt.% Mg powder.

1 It was proven that with the proper ratiomiking hard particles to pe Al, the coating will have greater
bonding strength. Hengyorif6] investigated the effects of adding intermetalliciid:. particles of
a controlled volume to a pure Al powder with controlled particle size, in terms défusition pattern
of a cold pressure spray coating on arcast AZ91D Mg substrate. The selection of the:M¥b.
particle was based on the fact that it has a better corrosion resistance and four times higher hardness
than the AZ91 Mg alloy. Intermsofhe coati ng6s microstructure, it
spray coating resulted in a ndense coating with high porosity, particularly in the toptimg region,

as can be seen Figure2.30a

On the other hand, the pure Al mixed with theMdi» particles was successfully sprayed on the

AZ91D Mg substrateand a coating buildip was obtained. It appears from a mitnosture review
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(Figure2.30b), that a densscoating with no porosities even at the top region of the coating was obtained.
Their measurements demonstrated that this coating had two to three times better cohesion strength on

the Mg alloy substrate than the pure Al coating had sH8%

Figure2.30: (a) Crosssection of pure aluminum coatiog an AZ91D substrate, and (b) Scannir

el ectron microscope i mage taken at t he [86¢

The mechanical properties for both types of coatings were also investigated. It was reported that the
hardness measurements for the pure Al deposition coating decgeadedlly towards the top coating
surface which led to a weak ¢ivey at that region, hence, the increased porosity. This was not the case
with the composite coating; the measurements taken close to the interface and at the coating top surface
did not show a large difference. In terms of toerosion resistance perfoamce, it was noticed that

by adding theMgi7Al 1, particles tothe pure Al feedstock in the cold spray coating procedure, the
corrosion performance actually degradi@@.

From these studies, it can be concluded that the purity percentage of Al powder is playing an important

role in the quality of the coatin@hereis no corrosion or corrosion fatigustudies conducted, to the

aut hor 6s best k nomof Aleottl gpeay o 31 extrinsion Mg alloyin this research

high purity Al powder (. 99.93%) as initial stag
and corrosion fatigue behavior of bare and Al cold spray cddtedlloy AZ31Bis studied in salt

spray chamber.
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Chapter 3

Materials and Experi ment al Met h

This chapter provides detailed information about the research methodology utilized in this thesis: the
materials, specimen characteristics and preparation; the testing equipment andistamdh the
measurement tools and setup. In this study, the effect of Al cold spray coating on both the corrosion
resistance and fatigue strength of AZ31B was examined.cbrosion tests were performed in this
thesis work; the first took place in a sil®in-housechamber while atandard cyclic corrosion test
chamber was used for the second. In both tests, uniform coupons with different dimeesetested

as per ASTM B117 standardBwo sets of coupons were used, one set WwareAZ31B and the othe

wereAl cold spraycoatedAZ31B. For the corrosion fatigue study, another two sets of streege|i
cylindrical specimens, again AZ31B bare and AZ31B with Al cold spray coating, were used and tested

by a rotating bending machine (RBM) to prepad 8urves for each set.

3.1 Materials

The material investigated in this study was edédMg alloy AZ31B (igure 3.1). The chemical

composition of this alloy is given ifiable3.1below([87].

186.94

36.93

AT
7
34.44

75.58

Figure3.1: AZ31B extrusion (all dimensions in mif§7]
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Table3.1: Chemical composition of the extruded AZ31B.04) [87]

Al

Mn

Zn

Fe

Ni

Cu

Mg

3.10

0.54

1.05

0.0035

0.0007

0.0008

balance

For the first corrosion study, 20 coupons were machined and préfraradhe extrusion piecemaller
teethshown inFigure 3.1) in the University of Waterloo machine shop as per GM standard 14872
(Figure3.2). Each of these coupons had dimensions of 25.4 mm x 50.8 mm x 3.18 mm (width, length
and thickness). Half of these coupons were @l cold spray coating to CenterLine in Windsor,

Ontario, CanadaH{gure3.3). Details of the cold spraying process are discussed in Sectidn 3.

o ¥
woERE
Oz 4mm
ST S0.8 mm
WL
259 mm
r=3.Fmm A
2y mm

Figure3.2: AZ31B bare couparwith dimension$47]

Figure3.3: AZ31B Al cdd spray coated coupon.

47



For the second corrosion study, 12 slices with the dimensions of 75mm x 260mm x 1.5mm (width,
length and thickness) were wire cut freimilar location othe extrusion AZ31B piece shown in Figure

3.1, byXL Tool Inc. in KitchenerOntario, Canada. Six slices were sent for Al cold spray coating to
Centerline, as before. Corrosion testing coupons with dimensidg®mh x 75mm x 1.5mm (width,
length and thickness) were then maim the 12 slicesatthe University of Waterloo machirsghopfor

a total of 27 bare Mg alloy AZ31B, and 30 Mg alloy AZ31B Al cold spray coated, co@zoseen in
Figure3.4.

p—

Figure3.4: AZ31B (a) bare coupons and (b) an Al coldagpcoated coupon for corrosion testing

Vickers hardness testing was performedtore differenounted angbolishedcross section samples

from the coated couporshown in Figure 3.40 measure the hardness profile for the Al coating,
interface and Mg ubstrate.The test was condted according to ASTM E3849 [88], & room
temperature with a 100igdentation load and a 15 sec holding tifable 3.2 represents thprofile

results for the three areas; the letter C stands for the coating area, B for base metal and | stands for

interface.
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Table3.2: Micro-indentation Vickers hardness test results at 100 gr.

Indentation No. | Average Readings, HE Standard Deviation
1C 52.1 1.35
2C 512 2.25
3l 55.7 0.65
4B 62.8 1.05
5B 63.8 1.50
6B 62.5 1.32
7B 62.2 1.32
8B 61.5 1.3
9B 64.0 0.76
10B 63.1 2.35
11B 62.2 1.02
12B 61.5 1.53
13l 56.9 0.5%6
14C 52.1 0.62
15C 52.8 1.44

The hardness testing results show thattreliness of the three tested areas increases in the following
order:B . | . C. Where the average hardness reading for Bi2 @B, for | is 56.4 HB and foC is

52.1 HB. These results are actually sensible since it was expected for the AZ31B alloy to have the
higher hardness due to its high ultimate tensile strength gsatedhto the Al alloyFigure3.5 shows

hardness indentations on the B, C and I.

Figure3.5: Optical microscope image showing the hardness indentations at C, | and B
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Metallographic examination of cross sections taken from the coated coupons was conducted to study
the Mg substrate and Al coating interface/bounding quaitgufe 3.6). A goodboundingwith no

voids between the Mg substrate and the ddting can be seen from the optical pictures. The applied

Al coating was also apparently uniform, with a thicknesgye of 200 to 250 unk{gure3.7).

Figure3.6: Optical micoscope image showing Al coating interface

Figure3.7: Optical microscope image showing Al coating thickness
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For the corrosion fatigue te&t) cylindrical specimens of AZ31®ith dimensions shown iRigure3.8

were machined and preparffdm the extrusion AZ31B piece shown kigure 3.1 at University of
Waterloo machine shdp accordance with thRBM manual89]. These specimens wetlgensent to
Bodycote Thermal Processing, Kitchener, Ontario, Canada for stres® mocessThe procedure
was done at 500 °F (260 °C) for 15 minutes, as per the ASM stiese proces440]. The reason for
carrying out such a process is to eliminag internal (residual) stresses that may have accumulated
in the material. These stresses can cause undgsioperties and behavior the material including
loss of tolerancegracking and can contribute to some types of failufiedf. of these pecimensvere

sentafter the stresselief procesdor Al cold spray coating to Centerline, as before.

Material: AZ31B Extrusion
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(b) (c)

Figure3.8: Cylindrical specimens used for corrosion fatigue testing: (a) schematic and dimensions (b)
bare and (c) Al cold spray coated
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3.1.1 Cold Spraying of Samples

The cold spray process used on materials for this project was conducted byoSiapSgzay
Technologies (SST), a division of CenterLine (Windsor) Eidure 3.9 shows typicalow-pressure

cold spraying equipment used by SST, however, for this research the testing coupons and cylindrical
specimers were coated with a higressure cold spray applied inside a spray booth similar to what is

illustrated inFigure3.10.

Figure3.9: Commercial lowpressure cold spray equipment. Picture courtesy of Supersonic Spray

Technologies, a division of CenterLine (Windsor) [20]
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Figure3.10: Schematic of the highressure cold spray booth used by Supersonic Spray

Technologies, a division of CenterLine (Windsor) [20]

The following $eps were carried out as part of this coating process:
I.  Every sample surface was goiiasted with SSTG002 Al203 grit.

II.  Samples were cold sprayed with Al powder at the process settings of 500C/500psi, stepover=1.2mm,
standoff distance=12mm, gun speed Vt=h2@'s, powder feedate of 1820g/min, and nitrogen
(oxygenfree)was used as the propellant gas.

lll.  The Al powder used was series SS805011,purity Al>99.93%, density: 0-9.0 g/cc and had an
average partikgure3dlhi ze of 20 em (

Figure3.11: Morphology of aluminum powder used for the coldagpprocess
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3.2 Testing Equipment and Standards

3.2.1 Corrosion Salt Spray (Fog) Test

The first corrosion studwas performed and designed based on ASTM B117: Standard Practice for
Operating Salt Spray (Fog) Apparatus. A simipkhousechamber was useFigure3.12) in which a

two phased environment was applied within one day. The first phase involved 8 hours of mist cycles
of 5% NacCl solution spray at 35, in which periodic puffs of salt spray (10 second duration every 15
minutes) elevated the relative hutityd RH) in the chamber to between-98%. After this 8 hour mist

cycle, the chamber should have the ability to maintain a fixed humidity of at least 60% for 16 hours.
The corrosive salt solutiomasprepared by dissolving five parts by masslatClin 95parts of distilled

waterto get a 5wt% NaCs$olution A special pH measuring tool was usednisuresalt solutio® pH

between 6.5 to 7.2The tested couponsere securedon a coupons rack by nylon fasteners, bolts,
washers and nuts at 2@ the horizordl with5 mm spacing between each coupon and the rack surface
The temperature was maintained at 35°C during the entire test and for that, a heater for the solution and
a waterproof heating mat were also used inside the chamber. The temperature ang huhielit
chamber were measured by sensor placed inside the chamber and the entire operation was controlled
by Labview software.

Figure3.12: In-house corrosion testing apparatus and setup
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The secondorrosion study carried out as parthitresearchwas performed at CanmetMATERIALS
Technology Laboratory in Hamilton, Ontario, Canadaper the ASTM B117 andard. In this case,

the testing coupons were exposed to a static environment of continuous salt spray exposure with a
concentration of 5% NaGit 3%°C, 100% RHand a solution pH between 6.5 and [4.2]. The basic
apparatusor this testing are a closed testing chamber (Singleton SQ@@H- Salt Fog Chamber) that
containone or more atomizing nozzl@s atomize the salt solution within the chambeggalasolution
reservoir,specimen supportprovisions for heating thehamber and necessary means of cordurud,

a humidifying tower connected to a reservoir. The specimens are subjectethtmaousiense saline

fog. A hematic drawing of the basic components of the salt fog test chamber used is shown in
Figure3.13 below][44].
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l
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Figure3.13: Schematic drawing of the salt fog test chamber used for corrosion {dgjng
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As per the ASTMB117 standard, the following conditions were followed in both corrosion tests:

I.  Drops of solution which accumulate on the chamber ceiling due to fog shall not be permitted
to fall on the specimens being exposed; in order to prevent this occurrenceng chilpig is
used on the corrosion chamber.

Il. Salt used in the experiment shall contain total impurities of no more than 0.3% by mass;
specifically, halides (bromide, iodide, fluoride) shall contribute less than 0.1% to the mass of
the salt content.

1. The pHof the water solution should be kept between 6.5 and 7.2 to retain its integrity as
Aneutral 0 i niadidégyrcamcontifute ® corrasipntagd is an unwanted factor in
this case. This requires pH measurement instrumentation (to measure péingedature
simultaneously) in the chamber and the ability to adjust the pH of the solution by adding acid
or base to it to compensate for its pH change 4&.35

IV.  The testing coupons shall be supported at an angle between 15° and 30° from the vertical
diredion.

V.  There should not be any contact between the coupons being tested and any metallic surface.

V1. Fog collection should be performed with 1.0 to 2.0 ml of solution being collected per hour from

each 80crhof horizontal collection area.

ASTM G1 i 03 (Standed Practice for Preparing, Cleaning, and Evaluating Corrosion Test
Specimens)91] was used for cleaning all of the tested coupons after exposure to the corrosive
environment in order to remove any corrosion products accusdutat the coupons without actually
removing any of the base metal. The complete removal of the corrosion product ensured accuracy in
thedetermination of the true mass loss of the tested allbgmical cleaning procedures were used in

this studythat involved immersion of the corroded coupons in a solution designed to remove the
corrosion products with minimal dissolution of any base metal. For Mg and Mg alloys, two chemical
solutions could be used as listedTiable 3.3 [91]. Procedure C.8.was usediuring testing at UW,

while procedure C.5.2 was useédring the cleaning process in CanmetMATERIALS laboratory due to
safety issue ai$ is conducted at room temperature which is considered to be kafeatprocedure

requiring boiling. The chemical cleaning solusarsed is shown ifigure3.14.
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Table3.3: Chemical cleaning approaches suitable for magnesium and its [@idys

Designation Solution Time | Temperaturg Remarks
150 g chromium trioxide (CrO3) The silver salt is
C51 10 g silver chromate (Ag2CrO4)| 1 min Boiling present to
Reagent water to make 1000 ml precipitate chloride
200g chromium trioxide (CrO3) The barium salt is
Cb5.2 10 g silver nitrate (AgNO3) 1 min | 20to 25°C | presentto
20 g barium nitrate (Ba(NO3)2) precipitate sulfate

Reagent water to make 1000 ml

) P

Figure3.14: The prepared chemical cleaning solution (a) C.5.1 (b) C.5.2

The chemical cleaning procedure is usually followed by some light brushing/cleaning in reagent water
to remove any loose products. Due to the heavy amounts of corrosion product that accumtitated on
surface of the coupons in these experiments, the cleaning procedure was repeated several times for each
coupon to ensure complete removal of the corrosion products. As peg1iMd G117 03, in order to
eliminate any uncertainty in measuring the mass,lthe mass loss versus the number of times cleaned
should be graphed and the cleaning process must be repeated until a slope line results from the data of
all previous cleanings that is as close as possidf®rizontal. InFigure3.15, the line BC represents
the corrosion of the metal after the removal of all corrosion proR(ts
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Mass Loss

Number of Cleaning Cycles
Figure3.15: Mass losses of corroded specimens resulting frgtitese cleaning cyclef®1]

In order to measure the weight of the tested coupons before and after the corrosion cycles, as well as
before and after the chemical cleaning process, a four digits weighing scale wddagiedveighing

boats and papers were also used for the weighing protess}400 surface roughness tester was
utilized to measure the surface roughness of coated and uncoated c(itipors3.16). Surface
characterization and pographic analysis of the coupons was performed AitiSurf® 500 laser
profilometer(Figure3.17) and Nanovea 3D Imagingigure3.18), from which two dimensiongPD)

and three dimensional (3D) imagaere generated. These images enabled surface characterization,
measurement of functional parameters, pits measemts and 2D roughness analys&a optical
microscopeScanning Electron Microscop8EM) andEnergy Dispersive Xay (EDX)were also used

in this study, particularly for the analysis of tkeld spray coatingoonding and analysis of

microstructure and grains/grains boundaries.

Figure3.16: S3}400 surface roughness tester setup
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Figure3.17: AltiSurf® 500 laser profilometer for topographic analysis of samples

Figure3.18: Nanovea 3D Imagg equipment
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3.2.2 Fatigue Rotating Bending Machine

An R.R. Moore machine model was used for the fatigue testing. This equipRigmte(3.19) is

designed to perform high speed rotating beam fatigue tests on either straight sluamkrsper
taperedend specimens. In this study, todindrical specimens shown in Figure83were used and

gripped by two collets between the two bearing housings. The two bearing hobtuge3.19a) are

precision machinednits that house the specimen as well as a lubrication and cooling system for the
bearings. The wight pan assemblieEifure3.19b), and loading harnesg&igure3.19c), placed under

the equipment are ad to apply the required load to the specimen. The loading harness hangs from the
bearing housings in which variable load disks can be added to reach the desired amount of applied
stres489]. These weights cause constant lleganoments in a vertical plane to the specimen so that

a maximum compressive stress results at the top point of the specimen and maximum tensile stress at
the lower point of the specimen with no axial strain. The rotational movement is accomplished by an
electrical motor that has an adjustable speed regulation from 500 RPM to 10,000 RPM. Each revolution
of the motor and specimen is sensed by the magnetic sensor at the motor shaft. The sensor then sends
the count signal to a digital display revolution caurtb a maximum total of 99,999,999 cyc|89]

but usually, 10 million cycles is considered as the run out or endurance limit. By applying different
loads to the tested specimens, different numbers of cycles to failureegidinerated and these are the

data needed to generate thsl Surve.

The corrosive additioto fatigue testing machir@an be achieved by one of three methods: dripping a

salt solution down onto the specimen gauge surface during the fatigue [éstingrecorroding the
specimens in an accelerated salt spray fog environi@&htor by using a specially designed chamber
within the fatigue setup in which the specimens are continually sprayedmiaCl solutiof92]. In

this study the first method was used, and a special transparent pacieof plexiglassH{gure3.20)

was designed to ctain the salt solution splashesdaallow draining of the solution. The salt solution
dripped down onto the specimen gauge surface through a tube from a large container with a capacity
of 18.9 liters which had a contrislg valve to control the solution flow rate. The solution which
accumiated at the bottom of the pocket was drained into another tank underneath the fatigue machine

through a drain hole connected to a hose.
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Figure3.19: R.R. Moore Rotational Beam Fatigue Testing Machjagbearing housing, (b) weight
pan, and (c) loading harng&9]

Figure3.20: Setup for the corrosion fatigue testing
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Chapter 4

Experi ment al Results and Discu:

In this chapterthea ut hor 6s f i ndi n gafAlrcadgpray @ddatng othte toeosionmp a ¢ t
resistance and fatigue strength of AZ34i® reportedA summary of theneasurements arrdsults
generatedluring the experiments described in the previous chap®preented and discussed.

4.1 UW Corrosion Testing Results

The duration of exposure for this testings set to be 15 cycles (days) for bbtre and Al cold spray

coated AZ31Bwith two coupongemoed every3 cycles.Prior to being affixed within the testing
emironments, he Al coated coupons were sandpapered in order to smooth the surface and to make the
coating layer more unifornsandpapédng the Al coaedcoupongsurfaceresulted in ainiform coating
thicknessof around 23240 um. Edge protection was ne&llen the cold sprayed coupons sincé no
muchAl coatinghad beerappliedto the edgesFor this reasarsiliconeresinwas used to cover the

edges and prevent possible contact between the salt solution and the uncoated areas as seen in
Figure4.1.

Figure4.1: Coupons edges protected with silicon resin
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4.1.1 Bare AZ31B Coupons Corrosion Testing

Figure4.2 shows the corrosion morphologies of ieee AZ31Bcouwon surfaces before and after the
5wt% NaCl exposure. Frora visual xamination, it can be seen thap to 6 cyclesof exposure
(Figure4.2c) no clear pithad formedon the surfacéut general corrosion on the coupons surface is
started. lwever, beginningrom cycle 9 Figure4.2d), general corrosion is more clear gpits had

started to arise angleredistributedacrosghe surfaceThegeneral corrosion angitting be@me more

severe after cycles Hhd 15with the pitsbecomingwvider and shalloweiHigure4.2e, f). The influence

of grains, grains boundaries and secondary phases within the microstructure is playing an important

role in the corrosion behavior of the alldfore elaboration othis effect andhe general and pitting
corrosion causes and mechanisms is discussed insdietséction 4.21.

A
2
%
A
|
3

1

Figure4.2: Bare AZ31B coupons before and after 15 days of salt spray exp(subefore testing,

Figure4.3 shows the average weight lgssr surface arefar thetested barédZ31B coupons over the
15 exposure cycles salt spray environmen{semoval frequency is two coupon®y analyzing the
chart, it can be argued that the average weightdekavia followed a generally linear trend but that
after 6 cycles th weight loss seems to be more aggresdihe. linear increase indicated that the
corrosion products generated were not proted¢tivee base metaind that the creatéddg(OH). layer

film is weak as it does not slower tlwerrosion rate. The weight los®easurementare also consistent
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with the general corrosion morphology over the 15 cycles showigime4.2. The vertical lines are

standard deviations.

;c;_f 0.7
Cycle #| Average weight | Standard § 06 §
® 05
(days) | lossper surface | deviation o ¢
area(gramgmn) §50°4
’ £203 L2
3 0.11855 0.0071 2 % 0.2
0.1399 0.00Z g 01 o ¢
9 0.32635 0.002 g 0 e . . . .
12 0.4995 0.0024 < 0 5 10 15 20
Cycles (days)
15 0.6026 0.04%5

Figure4.3: Average weight loss versus the number of tested cycles

Figure 4.4 shows the averagef few thousandsoughness measurements for bere and Al coated
AZ31B coupons before and aftre salt spray exposure. Due to the machining protessoupons
hadsomevariation in thé@ surface roughnessherefore roughness measurements were taken in two
directions longitudinal and transversés described previouslyhé roughness measurents were
performed bythe S3}400 surface roughness test#&dimitation of this machine is thatiis only able to
measure the roughness through a fiaher tharfor an areaFor this reasonseveralmeasurements

were taken and the average of these repdias considered hevertical lines are standard deviations.

35
Cycle #| RA Longitudinal | RA Transverse 5 30
(days) | direction (um) | direction (um) % 25
0 0.3065 0.366 2 20 T
3 1.2126 2.437 2 15 ; —e—Long )
c
6 2.6441 3.8535 || 10 I - —@-Trans
g A1 =
9 8.4208 9.1047 € 5 >
g
12 11.2829 10.6185 o m=—v—=% . . .
15 15.9081 2191 0 > 10 15 20
' ' Cycles (days)

Figure4.4: Average roughness measurements versus the number dfdgsies
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microstructure of the alloy, for example grain size, spacing between cathodic secondaryhldses

will be discussed idetails in section 4.2.

Pit measurement ag dme via an optical microscoperigure 4.5 showstypical sizesof the pits
developedafter every 3 cycles of exposure. As seen in these pictures, the pit sizes increased with the

increasing number of cycles.

Figure4.5: Typical sizes of the pits in bare coupons after: (a) 6 cycles, (b) 9 cycles, (

cycles, and (d) 15 cycles in bare and coated coupons

All pit measurements from each set of coupons tested/cycle were averaged together and reported in
Figure4.6 below. The changes in average pit diameter for both the coated and uncoated cogpons ov

the 15 cycles of exposure follow a linear trend after 3 cy€les vertical lines are standard deviations.
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Cycle #| Average pit| Average # of 1400
: . . 0
(days) | diameter pits per unit 3 1200
(um) area (pits/mrf £ 1000
0 0 0 § s00 7
3 0 0 = 600 # Y l
o L1 J_
0) T
6 345.4 5 & 400 ¢
9 6787 8 2 200
0 ‘ ’ T T T 1
12 7452 20 0 5 10 15 20
15 9109 37 Cycles (days)

Figure4.6: Average pit diameter versus the number of tested cycles for bare and coated cot

Pit depth was also studied by using thanovea 3D Imaging equipment in which a 3D image of an
areawasproducedand analyze. A limitation of this equipment is that only smallarea size can be
studiedeachtime. Figure 47 presents typicalexanple of a 5.0 x 5.0 (mnf)area in which a pit wita
depth & 240 Om andcasheseen & 1500 x 1700 Om

cesppeezeangiiSEREIERACEBEREL

ccsfepezeeneBEREREEER R HREREL

500x500

Figure4.7: Example of surface analysis by Nanovea 3D Imagiogvgig a pit in a bare coupo

In Figure 4.8, it can be seen thdhe average pit depth seemsinorease systematicallgver the
exposure tim in a linear fashion. From cycles 3 to 6, the pit depth increased at a steeper rate than
between cycles 6 to 15he pits and surface characteristissown on Figure 4.6 and 408 the sak

66



spray surfaces were affected by the cycling of the water, whithal continuously remove the pit
debris, trapping chloride ions and allowing the pits to grow deeper and wider initiathyobeitslowly

later in time.The vertical lines are standard deviations.

More discussion on the general and pitting corrosion saaisé mechanisms is discussed in detail in

section 4.2.1.
Cycle #| Average | Average # of _ 350
(days) | pitdepth | pits per unit § 300
(um) area (pits/mrf) %_ 250 ® +
0 0 0 S 29 s
3 0 0 ; 190
& 100

6 170 5 % 50
9 190 8 0 e — : : .
12 530 0 0 5 10 15 20
15 560 37 Cycles (days)

Figure4.8: Average pit depth versus the number of tested cycles for bare and coated c

4.1.2 Al Cold Spray AZ31B Coupons Corrosion Testing

Figure 4.9 shows the corrosion morphologies of the Al cold spray coated AZ31B coupon surfaces
before and after the 5 % salt spray exposure. From a visual examination, it can thetsapro 6

cycles Figure4.9c), there were no corrosion or clear pits on the sarflaut from cycle 9igure4.9d)

onward, small pits began to appear close to the edge. These pits most likely resultedefrom th
penetration of the corrosive solution to areas of the edges of the substrate that were not well coated or
protected by the silicenresin and proceeded from theAdter 12 and 15 days of exposure, large
localized pitting had appeared on the surface tieaedges and some had begun in the middle of the
surface as shown ifrigure4.9e, f). The detected pits at middle of surfaces of coupons from the 12 and

15 cycles are most likely developed due to defect oAthemld spray coating at those areas since the
coating around them did not attackédter 9 cycles, the Al cold spray coating had been removed from

some areas on the couponsd® surface.
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Figure4.9 Coatal coupons before and after 15 days of salt spray exposure: (a) before (bstftgr 3cycles

(c) after 6¢cycles (d) after 9cycles (€) after 12cycles and(f) after 15cycles

The average weight loss for the coated cmgpover 15 exposure cycles in a salt spray environment
was measured and reported as showfignre4.10. The average weight loss increased over time, but
after 6 cycles the weight loss seems to be more aggeeSsie largestandard deviations of the two
replicates couponat cycles 9, 12 and 15 are due to the variations of the percentage of Al cold spray
coating peeling off of the coupons after the chemical cleaning, as some coupons lost more Al coating
than otters.No general corrosion can be noticed on the Al cold spray coated AZ31B coupons surface
as compared to the bare AZ3tBupong(Figure4.2) and this indicate that the Al coating layer was
protective to the badég substrate. This is consistencetwithat haseen reported about corrosion
mechanism of Al, as in aqueous solution a dense and strong oxide film will developed on the surface
of the Al substrate that provide good corrosion resistance #l thebstratg¢32]. For Mg alloys and in
aqueous solution, the developed oxide or hydroxide filmdsmally known to beporous and loose

which will not provide the Mg substrate with the necessary protection and results in the lineeeincre

in the corrosion rate, pits size and surface roughness.
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Figure4.10: Average veight loss versus the number of tested cycles for coated coupons

Figure4.11 shows the average roughness measurements for the coated coupons before and after the
corrosion testing. As was done for the ba#81B coupons, few thousandeasurements were taken

in both longitudinal and transverse directions #mg average of these reading was considered. As
shown in the chart, the roughnesfsboth directions looks to be more or less constant, indicating no

sign of sevexgeneral corrosionn the surface

Cycle # RA RA 2 20
(days) | Longitudinal Tranwerse % T
direction (um) | direction (um) g 15 | i I
0 9.505 8.9525 % 0L %i:FL T
3 10.1959 8.5225 s [ 1 I —e=Long
5 I Trans
6 11.1908 10.2565 % >
9 9.3593 10.4428 “ | | | |
12 10.9868 12.9273 0 S 10 15 20
15 10.562 13.328 Cycles (days)

Figure4.11: Average roughness measurements versus the number of tested cycles for coated cc
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Pit measurements (size and depth) for the coated coupons were also studied by means of an optical
microscope andhe Nanowa 3D Imaging equipmenEigure 4.12 showstypical sizesof the pits
developedafterevery 3 cycles of exposure. As shown in the figure, the pit size increased as the number
of cycles increased with the biggest pitasured at ©fe 15 Figure4.12d). But from Figure 4.13
whichshows the changes in average pit diameter over the 15 days of expesemed after 12 cycles

there was no further pit growth

2071 x 1857 pm

400 microns

:
ey

Figure4.12: Typical sizes of the pits in coated coupons after: (a) 9 cytle8cycles (c) 12

cycles and(d) 15cycles
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Figure4.13: Average pits sizearsus the number of tested cycles

The pit depth studies are presentedrigire4.14) in whichthe aveage pit depth over exposure time

seems to follow a linear trend after cycle 6. From cycles 9 to 15, the pit depth trend was increasing at a

dower rate than from cycles 6 to 9.
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Figure4.14: Average pit depth versus the number of tested cycles for coated coupons

After comparing the first corrosion testing results for bare and coated AZ31B specimtang)é said

thatthere was a clear evidence that Al cold spray provided some sort of protection to thesiviajesub

since no general corrosion appeared on the Al coated AZ31B coupons surfaces as the case with the bare

AZ31B. However, it was not possible to reach to a solid conclusion regarding the benefits of applying

Al cold spray coating to Mg alloy AZ31B in aeffort to increase its corrosion resistance duthéo

unexpected findings (e.g., peeling off of the coating). Due to this, it was decided to perform another

standardized corrosion test at tbenmetMATERIALSfacilities.



4.2 CanmetMATERIALS Corrosion Testing Results

Bare andAl cold spray coated couposBown inFigure3.4 abovewere exposed tocontinuoussalt fog
environment in this testing he temperature in the chamber was maintained betwe@r°86during

the test while the teperature in the humidifying tower was maintained at 47°C. The salt solution
container hd a capacity of 60 literandit was regularly filled with fresh 5% NaCl widnpH between

6.5 to 7.2 A pH measuring tool was used to measureptfepared solution ptdnd buffer solutions
were used for calibrating the pH tool before any Aselition of some acid (10%El) or base (Sodium
hydroxide)was necessarfrom time totime in order toadjust the pHbf the salt solutiorio bewithin

the recommendedalue Fog was collected witha fog collector in the vicinity ofthe specimens
periodicallyto ensurethat the fog quantity is within the range of-2@ mL per hour per 80chas per
ASTM B117 standardAn air-purge valve controfid the amount of fogn the chamber. Altesting
coupons were placed ahgles ofLl5-20° from vertical line in the chamber rack during the testing as
shown inFigure4.15. Prior tothe corrosiortest, the specimens were cleaned in acetdied with

warm flowing airand weighed

Figure4.15: The testing coupons (coated and uncoated) distributed in the rack before testing
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Since the thickness of the testing coupamds for
spray coating could not be applied at the coupons edges. For this reason, a way of protecting the edges
needed to be found. Miccrostop lacquer m&sgure4.16) was applied on all coated coupon edges in
orderto prevent anygontact between the electrolyte (salt fog) and the uncoated &lgbstypes of

coupons were examined at the same time but thesexg duration is varied describe below.

[
+ive Masking of Machined parts

Cycles
ﬂe‘v of l:-{:““g ¥ Nickel
P Cadmium

Gold on Silver
silver on Gold

Figure4.16: The applied mask used for protecting the edges of coated coupons

4.2.1 Bare AZ31B Coupons Corrosion Testing

Twenty-sevenuncoatedvig alloy AZ31B coupons were tested in tBanmetMATERIALScorrosion
chambeuwsingthe parametersutlined in Chapter.3rhecoupons were tested in the salt spray chamber
for aduration of 33 cycles (daysjith removal frequency of 3 coupons every 3 cyétizs/s) of testing
except for some cyclebigure4.17 shows the macrographs of the uncoated coupon surfaces after the

5% salt spray exposure over the 33 cycles.
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Figure4.17: Uncoated coupons exposed to 5% salt spray after: (a) 4 cycles, (b) 6 cycles, (c3,
(d) 11cycles (e) 14cycles (f) 17 cycles (g) 20cycles (h) 23cycles (i) 26 cycles and(j) 33 cycles

By visual examination of the tested coupons, it can be seen that the 5% NaCl continuous fog
environment had a significant impact on the bare Mg alloy AZ31B, resulting in a great amount of
material lossThis is due to the fact that Mg is a very reactive metal ie@gs environments and even

more reactive in saltvater environment in which it gisplaying a very high anodic standard electrode
potential of arounel.36 V[93]. Theobserveaorrosionmechanisms argeneral and pitting coosion.
Corrosion pits and material perforations were revealed in the first coupons inspected after 4 days of
testing. The corrosion attack continued during the testing period and almost no material was left at the
end of the 38ycles (lay9 of testing.Table4.1 summarizes the weight measurement results and shows
the average weight loss of the uncoated coupons. The average weight loss of coupons in grams per
cycle, versus the number of testing cycles, was grag¥igdre4.18) andas one can se¢he weight

loss due taorrosionfollow increasindinear trendhrough the testing periofrom cycles 8 to 11 the

loss in thecorrosion rate seems to blewer a bitwhich could beattributedto the corrosio protection

that the accumulatedrosion productgrovide to the substrate surfa¢égure4.19). After cycle 11,

the corrosion rate increased again and was following linear increasing trend up to the end of the test at
cycle33.
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Table4.1: Uncoated coupons corrosion testing analysis

Cycle #| # of Average weight | Average weight Average weight | Average % Average
(days) | coupons| before testing (g) after testing (g)| after cleaning (g) weight loss | weight loss (Q)
4 3 9.4769 17.704 7.7712 18.008 1.708®
6 1 9.4835 17.6198 7.6314 19.5297 1.8521
8 2 8.6404 21.2517 6.28%6 27.264 2.3%0
11 3 8.8748 24.832 6.0257 32.07® 2.8491
14 3 8.0783 20.7237 4.7944 40.60D 3.2839
17 3 8.2622 26.232 4.6243 44.004 3.6379
20 3 9.1767 17.4156 4.2239 54.04@ 4.9527
23 3 8.9364 16.8824 2.5796 71.098 6.35@
26 3 8.8378 13.7876 2.110® 76.25%6 6.7269
33 3 9.6187 9.8578 0.96% 89.967 8.653
10
7 O X
% 8 /
)]
g I
5 5 /
(]
= 34 - |
3 1
g 3 T +
1
O T T T T T T 1
0 5 10 15 20 25 30 35
Number of Cycles (days)

Figure4.18: Average weight loss versus the number of tested cycles for bare AZ31B coupons
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Figure4.19: Corrosion products accumulated on a bare coupon after 6 days of testing

Since the testing eironment in this test wasin saltwater environment the standard
oxidation/reduction reactions canot be consi der €
this is because Mg corrosiam aqueous environmentdgll proceed due to the presence of wated a

sodium chloride by aelectrochemical reaction

Three oxidation/reduction reactions can be expedatéuis testingasshownbelow[93]:
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¢O6 ¢Q ©'0 ¢qU'o 2AAOAOQEIT T
0°Q ¢l OO ag’0l © 0 "Qé ¢l O 00 (43)
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The general and pitting corrosianorphology and severe weight loss shownFigure 4.2 and
Figure4.17 can be directly contributed the oxidation/reduction reactiedescribed in equations 4.1

4.3. Havever,the following factors were also playimmportant rolesn this corrosion mechanism:

The formedmagnesium chloride sdtom (Eq.4.3) react with the naturally formadg(OH); film and
weakens if93]. This explains thefact that the corrosion morphology of the CanmetMATERIALS
testing couponsHigure4.17) wasmoresevee than those tested at UWigure4.2). The reason for
this is thathecyclic corrosion testing used in the UW which include<ctileridefree humidity phase,
allows the formatiorand rebuildingof the Mg(OH): film thatwas damaged during the salt exposure
phase and this will reduce the corrosion attack on the suffigle On the other handthe
CanmetMATERIALS testingoupors were exposed to a continuous salt spritly a concentration of
5% NacCl. This will not allow the Mg substrate to form tivg(OH). film as it will be continually

dissolveddue to the reaction with magnesium chloride [€4},[94].

The presence of the chloride ions in the tested environment accelerates the corrosion rate. Once pits
initiated on the surfacehe pit debris and the trappeghloride ions will cause pitting growth deeper
and wider but with increasing the exposure time, they will affect in slowing the reacti¢®4jate

The other very important factor is the role of thierostructuregrain size secondary phasesdtheir
distribution Thegrain boundaries and secondary phdmsa®emicro-galvanic cathodeffect onthe Mg

matrixin the alloy[27].

To have a better understandirfgtieese effets multiple cross sections from the coated and uncoated
coupons before and after the corrosion were prepared for metallographic examiigtion4.20
shows the microstructure in the-@tgehed condition (etcllein a solution ofLlO ml acetic acid4.2 g

picric acid, 10ml H2O, and70 ml ethanol95]). Figure4.20a shows the general microstructure, grains
distributions and volume distributioof the secondaryp h a s e s  nMgagrain tdumdarids.
Deformation wins were observed ifrigure 4.20b. Severalbig shiny particles were observed in
Figure4.20b, ¢ aml d in addition to numerous small grey/black spherical particles distributed along the

surface.
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Figure4.20: Optical cross section micrographs showing the microstructure of AZ31B as (a) coated

coupon after 11 cycles of corrosion testing, (b) uncoated coupon after 8 cycles of corrosion testing,
(c) coated alloy before corrosion testing, and (d) uncoated alloy

Scanning Electron Microscoad Energy Dispersive-Kay (SEM/EDX) analysis for thesseondary
phasesvere performedrigure4.21is a low magnification SEM image shows the distributions of these
particles on the surfadeom which it can be seen that volume fraction of skeeondaryphases is
consicered as low when comparing with typicsgcondaryphases disibution graphs[95]. EDX
analysis for these particlesSiure4.22) revealed the presenceMfj-Al-Mn compoundsKigure4.22a)
andAli Mn compound Eigure4.22b). Theb-phaseMg:7Al 12 wasnot recognized bfDX analysis and
this could beattributedto the low content of Al in thAZ31B alloy or due to its small size which make
it hard to see under SEM and EDX analysis.
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Figure4.21: SEM image showing the distributions of particles
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Figure4.22: Energy dispersive Xay analysis of the detected particles as (a)yANH/In secondan

phase, and (b) AMn secondary phase
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Thepresence of the second phaisethe microstructuref Mg-Al alloys could have two effects on the

corrosion behavior of the alloy in an NaCl environment depending on the Al cantéstalloy the

volume fraction and the distributiaf the secod phasesn the microstructur§27],[94]. The second

phase could act as a barri erMgisthe galwanic anodg. &429%,ani ¢
for exampl e, c ont-phaseNg:-Al1) precipitate alongthewraia boontlarids due

to the high amount of Al in the alloy. In an NaCl environmentftpaase willcoalesceandwork as a

barrier and inhibit the corrosion of the AZ91 alleyrfaceas explained in the schematic preseatati

in Figure4.23[27],[94].
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Figure423: Schemat i ¢ opghaseé dneorrasion: (a) inidl sutfabeeghiiburface after

corrosion[27]

The secondry phasesand the grains boundagyl s o act as gal wWgmatrix;thsat hode
tends to occur in M@\l alloys with lower amounts of Al. In our case study, AZ31B alloy tgmacal

example of this. Because the alloy contains less Al than AZ91, it has a small volume fraction of second
phases (shown iRigure422) and t hese second phasesMgamattie d as d
and increased &nhcorrosion rateThis fact also explainthe general and pitting corrosion morphology

of thetested bare AZ31B coupons in both corrosion testiigsre4.2 andFigure4.17.
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4.2.2 Al Cold Spray AZ31B Coupons Corrosion Testing

A total of 20 coupons coated with cold sprayed Al powder were tested @atiraetMATERIALS
corrosion chamber under the parameters used for the bare coupons. Originally the full testing period
was set to be 33 cycles (days) with the seen@oval frequency and analysisthe uncoatedHowever,

at the first evaluation after 4 cycles it was observed that the coating was prewigingood corrosion
protectionand the Mg substrate is totally isolated except from minor areas at the dugresw Al

coating could be applie&o it was decided to lower the number of coupons removed for testing and to
increase the testing duration up@0 cycles (days) in order to get a better idea about the corrosion
behavior of the coated coupons and tifiece of theAl cold spray coating on corrosion protection over

a long exposure timé&igure 4.24 shows the macrographs of the coated coupon surfaces after 5% salt

spray exposure for 90 cycles.
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Figure 4.24: Coated coupons exposed to 5% salt spray after: (a) 4 cycles, (b) 8 cycles, (c) 11 cycles,
(d) 14 cycles, (e) 17 cycles, (f) 20 cycles, (g) 23 cycles, (h) 26 cycles, (i) 33 cycles, (j) 40 cycles,
(k) 60 cycles, (1) 90 cycles

Visual examination of the tested coupons revealed that the Al cold spray coatiqgotiaed
consideral® corrosionprotecton for the AZ31B substrate as compared to the bare coupons. No
corrosion pits were noticeah the surfae of any of the tested coupons after chemical cleaifimg.
corrosion attaclon the couponsadok place only from the edges that were not cold spray coated.
Although the edges were protec(eg the lacquer mask explained eafljewelling and peeling dhis

mask coating was observed as showRigure4.25. This may haveccurred because the applied mask
coating was nasufficientfor sucha harsh environment. Theeeling off of themask coating alloed

the salt to penetrate sweas of uncoated substrate and corrosion predéeun these areas. This edge
corrosion attack gw as the number of cyclescreagdand oncehe Mg substratevas corroded, the

thin Al coating layer ke due to the arrangemeat the coupons in thehamber rack, handling and
cleaning(Figure4.26). At the 40, 60 and 90 cycle testipgints,the corrosionbehaviorof the three
replicates was not the same; some coupons experienced less corrosion attack than others which may

hawe been due to inconsistent application of the edging mask (some had received greater coverage).
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Figure4.25: Corrosion products accumulated on a coated coupon after 8 days of testing

Figure4.26:. Coated coupon after cleaning/removing edges corrosion products, 40 days of testing

Table 4.2 outlines the weight measurement results and shows the average weight loss of the coated
coupors. The average weight loss of the coupons in grams versus the number of testing cycles is
graphed inFigure4.27. There is no clear pattern in the corrosion results due to the variation in the
corrosion attack at the edges froaupon to another. This can be clearly seen by revieionge 4.24

k and I, showing the different levels of corrosion attack for the three replicate couponsls®his a

explains the large variability the chart at cycles 60 a8d.
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