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ABSTRACT

AJ62, containing notable amounts of strontium,ileikh a microstructure unique
among aluminum-manganese based magnesium alloje bé&nefit is improved high
temperature mechanical performance among magnesiags, which are not known for
this trait. Capacity for high temperature appimatmakes AJ62 the focus of much
research. The high temperature properties, coupidid the high strength to weight
ratios of magnesium alloys, promise lightweight powain components for the
automotive industry to lower fuel consumption, reeluemissions, and improve
performance.

Castability of the alloy is demonstrated by its @ddon to the gravity-fed
permanent mould casting process. Influential attarsstics of its solidified
microstructures are investigated and related tsileerand corrosion response, both
independently and combined. A fine microstructwiéh good interdendritic eutectic
phase continuity is favourable for mechanical anecteochemical properties. A
recommendation for processing of the alloy is tgeathe benefits of a high cooling rate.



DEDICATION

This work is dedicated to Vanessa, Delores, Robant] Kathleen whose
ceaseless regimen of unconditional love and supparisurpassed.



ACKNOWLEDGEMENTS

Dr. Hu and Dr. Nie are acknowledged for their guitks encouragement, and
fiscal support; Dr. Madugula and Dr. Bowers foreoiiig suggestions and inspiration;
John Robinson, Pat Seguin, and Andy Jenner forirghdechnical knowledge and
valuable time; Ontario Centres of Excellence ane @ntario Graduate Scholarship
program for financial help; and lastly friends, f§mcolleagues, and peers for their
various means of support.

Vi



DECLARATION OF PREVIOUS PUBLICATION.......ccuuimemiiiiiiiiiiiieeeeee e e e e e e e iii
AB ST RACT ..ttt e e e e e mmmmn ettt ettt e e e e e e e e aee e e e e e a e nrraraaaaaeaaaaaeaaaaans iV
DEDICATION ..ttt ettt e e e e e e e e s s nebbbbeeeees %
ACKNOWLEDGEMENTS ....coiiiiii et ememrt et e e e e e e e e e e s s s aeneeee s Vi
LIST OF TABLES oottt e e e e e e e e e et bb e e e e e ee s X
LIST OF FIGURES ..ottt ettt e e e e e e e e e e nnnneenneees Xi
LIST OF ABBREVIATIONS ... ..iiiititiiiiie sttt et e e e e e e e e e e e e s s s s s siissbnnaeeeeee s Xiii
LIST OF SYMBOLS ...ttt e e e e e e e e e e e e e e s s s ss s ssrnnneeeeaaeeeeeas Xiv
CHAPTER 1: INTRODUCTION ..coiiiiiiieiiiee ettt
1.1 LITERATURE SURVEY ......iiiiiiiiiiiiiiiiiimrrr e 1
1.1.1 Pure MagneSiUM .........ccevuuuueuunenimmmmmmmseeeeeeeeeeeeneennnnnnnnns 2
1.1.2 Magnesium AllOYS.........uuuuuuum s 3
1.1.3 Casting of Magnesium AllOYS .......cccooeeeeeriiiiiiieeeeeee, 8
1.1.4 Corrosion of Magnesium and its Alloys.................... 10
1.1.5 Preceding WOrK ........cocoeiiiiiiiiiiiieeieeee e 17
1.2 THESIS OBJECTIVES ...t 20
1.3 THESIS ORGANISATION......cuttiiiiiiiiiiiiiimmmm e 21
1.4 REFERENCES ...ttt 23

CHAPTER 2:

CHAPTER 3:

TABLE OF CONTENTS

EFFECTS OF SECTION THICKNESSES ON TENSIL

PROPERTIES OF PERMANENT MOULD CAST MAGNESIUM

ALLOY AJB2 ...ttt 28
2.1 INTRODUCTION ....utiiiiiiiiiiiiiiiiieeeeeessmeeeeeeeeeaeaeaeaaaassaannnns 28
2.2 EXPERIMENTAL PROCEDURE ...........cooooiiiiiiiiiieee, 29
2.2.1 Casting Preparation...............uuueeeeeeeeeieniiiiiinnneeeenns 29
2.2.2Tensile TeSHNG....uuieiiieie e 30
2.2.3 Microstructure and Fracture Analysis ....o.eevveeeen... 30
2.3 RESULTS AND DISCUSSION.......ccceeiiiiiiiiimmmmmiiiiivieee 31
2.3.1 Microstructure ANAlYSIS..............enmmmmmeeeereeeeeeeeaeeeeee 31
2.3.2Tensile TeSHNG....uuiiieiiiee e 35
2.4 SUMMARY ..o 38
25 REFERENCES ...ttt 39
CORROSION OF PERMANENT MOULD CAST MAGNESM
ALLOY AJ62 IN NaCl SOLUTIONS........ouuueiiiiiimm e 41
3.1 INTRODUCTION ....utiiiiiiiiiiiiiiiiieeeeeessmeeeeeeeeeeeeaeaeaaaaassannnns 41
3.2 EXPERIMENTAL PROCEDURE ...........ccoooiiiiiiiiiiiie, 42
3.2.1 Sample Preparation.............cooevviemimmeeeeeeieiiiiiiceneennn 42
3.2.2 Observation of MiCroStructure...........ccceecvvvvvrvveeeeenn. 43
3.2.3 Potentiodynamic Testing... crirreeeeennen 44
3.2.4 Analysis of Potentlodynamlc Flndlngs ...................... 44
3.2.5 Observation of Corroded Surface .. S 15}
3.3 RESULTS AND DISCUSSION........cceeviiiiiiiimmmmmiiiiivieeeee 45
3.3.1 MICIOSIIUCTUI®.....uiiiiiee ettt 45
3.3.2 Potentiodynamic Polarization...........cccceeeeeeieiieeeeeeenn. 48
3.3.3 Corroded Surface ..........ooooiiiiiiiiceeeee i 51

Vi



CHAPTER 4:

CHAPTER 5:

CHAPTER 6:

CHAPTER 7:

3.4 CONCLUSIONS ... e 54
3.5 REFERENCES ... 55
MICROSTRUCTURE INFLUENCE ON THE CORROMNMF
PERMANENT MOULD CAST MAGNESIUM ALLOY AJ62 IN

ENGINE COOLANT ..oeiiiti et cssmr e et e s et e e r e e 58
4.1 INTRODUCTION ..ot s e et eeeaaeeeens 58
4.2 IMMERSION TESTING .. ..ottt 60
4.2.1 Preparation of Specimens..............commmmmeeeeeennsinnen.. 60
4.2.2 Immersion Test Procedure.............iceemeeeeeiveiiineeinnnnns 61
4.2.3 Immersion Test ReSUIS .......coovvvviiimceeeieeeeeeeeee, 63
4.2.3.1 General Observations...............cceeemeeeeevnnnnn. 63

4.2.3.2 Corrosion Rate Due to Microstructure ......... 66

4.3 POTENTIODYNAMIC TESTING .....oeiiiiiieeiiieeeee e 68

4.3.1 Preparation of Specimens..............cowmmmmeeeeeenniinennn... 68
4.3.2 Potentiodynamic Test Procedure........ccoeceeeeevvennn...... 69

4.3.3 Potentiodynamic Test Results.........cccceeeeeiiiiieeeeeeenn. 70
4.4 CONCLUSIONS ... o et e e 72
4.5 REFERENCES ......oii ittt 73

CORROSION PERFORMANCE OF PERMANENT MOULD
CAST MAGNESIUM ALLOY AJ62 IN AUTOMOTIVE

ENVIRONMENTS ..ottt a e e e e e e e e e s e e 75
5.1 INTRODUCTION ....uttiiiiiiiiiiiiiiiiiieeeessmmeeeeeeeeeeeaeaeeeeaasannnnns 75
5.2 EXPERIMENTAL METHODS .....ccoovviiiiiiiiiiiiee s 76
5.3 RESULTS AND DISCUSSION........ccoeviiiiiiiimmmmmiiiiivieeee 78
5.3.1 Microstructural Analysis ............oeuueemeeeeeieiiiiiiiniiinnn. 78
5.3.2 Response to Salt Solution ...........cccccceeevvvvvvevnnninnnnnn. 80
5.3.3 Response to Engine Coolant...........cceceieiiieeeeeeeenn. 83
5.4 CONCLUSIONS AND RECOMMENDATIONS................ 86
55 REFERENCES .......ccoi ittt 87

INFLUENCE OF CORROSION ON MECHANICAL
PROPERTIES OF PERMANENT MOULD CAST AJ62.........90

6.1 INTRODUCTION ....uuiiiiiiiiiiiiiiiiiieeee s eeeeeeeeaeeeeeeeaeea e 90
6.2 EXPERIMENTAL METHOD......c.ccoviiiiiiieeeecceeev e, 91
6.2.1 Determination of Corrosion Parameters ... ..vvvv.... 91
6.2.2 Corrosion of Tensile Specimens........ccccoeeveeeeeeeeeenen. 93
6.2.3 Tensile Response After COrroSion......cceeeeeevvvveennnnnnn. 94
6.3 RESULTS AND DISCUSSION.......cooviiiiiivimmmmci e, 94
6.3.1 Stress Versus StraiN ...............eecmmmmmreeereerinnnnnaneeens 94
6.3.2 Fractography ..o 96
6.3.3 Calculations .........cccovviiiiiiiii e 98
6.4 CONCLUSIONS .....ouiiiiiiiiiiiiiiiiee e e veaeeeeeeeaaaaaaea e 100
6.5 REFERENCES ...t 101
CONCLUSIONS ...ttt vsemmr e e e e e e 104
7.1 REVIEW OF OBJECTIVES ......coooiiiiiiiiiiiieeiiie 104
7.2 SUMMARY OF OBSERVED RESULTS ........ccoiviveeenen. 104
7.2.1 Mechanical Properties of Solidified AJ62............... 104

viii



APPENDIX A:
APPENDIX B:

VITA AUCTORIS

7.2.2 Corrosion of Solidified AJ62 in NaCl Solut®on........ 105
7.2.3 Corrosion of Solidified AJ62 in Engine Codlan...... 106
7.2.4 Effect of Chlorides and Inhibitors on Coroospf

Solidified AJB2..........cooiiiiiicierree e 107
7.2.5 Influence of Corrosion on Mechanical Progsrtf
AJB2 ..o 108
7.3 FINAL RECOMMENDATIONS ..., 109
T4 REFERENCES ...t 109
CALCULATIONS FROM SECTION 6.3.3...veeieeiiceiieeeenne, 110
COPYRIGHT RELEASES FOR PREVIOUSLY PUBRHED
MANUSCRIPTS ..o 113
................................................................................................. 116



Table I-I
Table I-II
Table I-1l
Table I-IV
Table I-V
Table II-1
Table II-11
Table IlI-1
Table IlI-1l

Table IV-I
Table V-I
Table V-II
Table V-l
Table V-1V
Table VI-I
Table VI-II

Table VI-11I

LIST OF TABLES

Examples of modern Mg-Al alloys and theomenclature..............c.cccco...... 6
Series of potentials for selected hadficeactions .............ccccceeeveeennnnnn. 13.
Dimensions of Casting SIEPS .....cceeeieviiiiiiiiiiie e 18
Thermophysical properties used to mdtlelcasting process..................... 19
Publication information for presented maoriptS...........cccceeeeeeveevvveeeennnnns 23
Composition of AJ62 alloy IN WEY0 ....eeeeeeeiiiiiiiiiiieie e 30
Variation of tensile properties witha®n thicknesses.............ccccvvvvvvnnnnne 36
Composition of AJ62 alloy IN WEY0 ....ceeeeiiiiiiiiiiiiiiee e 43
Summary of polarization curve charatdécs and calculated

POIarization rESISTANCE .......cooiiieie et eeaeaeeeee 51
Characteristic values for the polaripaticurves in Figure 4-8.................... 72
Composition of AJ62 AllOy.......cooe e 77
Critical values pertaining to Figure 5:6............cooovviiiiiiiiiiieeee e 81
Critical values pertaining to FIQUIeM=........cccuvuuiiiiiiiiiiieeeeee e eeeeeeeeeeeeeen 82
Critical values pertaining to Figure 5:8...........ccoovvviiviiiiiiiiiieeeeeeeeeee 84
Microstructural characteristics of vas®section thicknesses..................... 91
Characteristic stress-strain valuesdorroded PM AJ62

MICTOSIIUCTUIES ...ttt e e e e e e e e e e e e eeeees 96
Characteristic stress-strain valuesdocorroded PM AJ62

MICTOSIIUCTUIES ...ttt e e e e e e e e e e e e eeeees 96



Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

1-1
1-2
1-3
1-4

1-5
1-6
1-7
1-8
1-9
1-10
1-11

1-12

3-5

3-6

3-7

LIST OF FIGURES

Hexagonal close packed lattice structlfe.........cccoovvveviciiiiiiiiiiieeennw 2.
Binary aluminum-magnesium phase diagraaptat! from [5]. .................. 4
High-pressure die cast AM50 microstructslewing interdentritic eutectic
MALEITAI [L3]. e e 5
Micrograph of die cast AJ62 showing thaddlar ALSr interdendritic
INEEIMELAIIICS [LL]. e eeeeeeas 7
Schematic of resulting microstructure sinmgndefect bands [25].............. 10
Defect bands as they appear in the cresses) of an HPDC thickness [26].
10
Concept of the galvanic Cell. ..., 11
Effect of additions on corrosion of Mg3r®6 NaCl solution [6]............... 13
Pourbaix diagram for the corrosion of Mgnater [6]. .........c.cevvvvveeninnnnn. 15
Micro-galvanic corrosion progression aof lellloy constituents [32]. ........ 16
lllustration of thg-barrier concept showing microstructure (A) befanel
(B) after corroSion [9]......covvvveeeiiiiiiimmmmmies e e e e e e e s 17
3-dimensional rendering of the step ogswith a gating and riser system
[20]. 18
Schematic of casting shape. ... i, 29
Optical micrographs from the (a) 4 mm @md20 mm sections................ 33
SEM micrographs from (a) 4 mm, (b) 6 mo),X0 mm, (d) 20 mm
] 0L 41T £ 34
SEM image of permanent mould cast AJ62ostcucture........................ 34
EDS spectrum for the matrix at locatiomAcigure 2-4. ........c.cceeeeeeeeee. 35
EDS spectrum for the cell boundary matetidocation B in Figure 2-4..35
EDS spectrum for the particle at locatibm Figure 2-4. ...........cccccceennnn. 35
Average engineering StreSS-Strain CUMNVES.........uueciiiirrreeeeeeeeeeeeeeeennnnnd 6 3

Section thicknesses effect on UTS, YS, Braf permanent mould cast
AJ62. 37

Fractograph of 4 mm tensile SPeCIMEeN. . uuueiiieieeieeeeeeeeeeeeeeeeiiiians 38
Fractograph of 20 mm tensile SPeCIMeN............uiiiiiiiiiieeeieieeeeeeead 83
This schematic represents the PM steprgashape. ...........ccccceeeeeeieeennnn. 43
This schematic shows the basic circuifrthe potentiodynamic testing set-
up. 44

The PM AJ62 alloy’s microstructure inclsd@rimarya-Mg grains (A);
Eutectic Al4Sr and: (B); and Al-Mn intermetallics (C) [8].........ceeeurnees 46

AJ62 grain size and intermetallic disttibo are largely dependant on
section thickness as is evident in the microgrdphthe (a) 4 mm and (b)

20 MM SECHIONS. ...coiiiiiieiiiiiieie e emcce ettt s e e e e e e e e e e e e e e eeeeeeeeneed a7
This graphic representation shows a sicanit difference in percent area
intermetallic between the 4 mm and 20 mm sectiakitiesses. ............... 48
Potentiodynamic polarization of the AJ6@nmostructures in a 0.5% NacCl
solution yields this plot of potential versus cutrdensity. ....................... 49
Potentiodynamic polarization of the AJ6@nmmstructures in a 1.0 % NacCl
solution yields this plot of potential versus cumtrdensity. ....................... 50

Xi



Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

3-8

The 4 mm AJ62 sample surface corrodeda@INolution shows a
morphology influenced by: (a) surface preparateong (b) microstructure.

53
Corrosion morphology of the 20 mm sampés wfluenced more
dominantly by the microstructure as in this miceq@r. ..............ccccceeee. 53
Micrographs of the corroded sample from20 mm section show oxide
formation ina rich l0CatIONS. ..........ooiiiiiiiii e 54
Microstructure of the permanent mould @2 alloy [5]...........ccceeeeee 59
Step-casting Shape [5]. ... 61

Discoloured surface as compared with tloy #elow a localised corrosion
site. 66

Microstructure of (a) the 4mm section &@mdthe 20mm section [5]......... 67
Mass loss as a function of thicknessHtierfour durations with error
accounting for iINStrumMeNntation. ............ccceeeeeeeiirieeeee e 67
Corrosion rate as a function of time (wsdkr different section thicknesses
Of the CaST AJB2. ... 68

Conceptual schematic of electrical cistor potentiodynamic testing. ... 69
Polarization curves for the permanent maalst microstructures in engine

(o0 o] F=1 o | FE TP 71
AJ62 permanent mould step casting [13,14]......cccceeiiiieeeeeeeiiieieeeeeniiies 77
Schematic of potentiodynamic test SetAB].[.......ccooveeeeiiiiiiiiiiiiiiiin, 78

SEM micrograph in BSE mode showing miatosture of the 20 mm
section: A, matrix; B, interdendritic eutectic; aBdAl-Mn intermetallic

[18]. 79

SEM image in BSE mode of the (A) 4 mm @p20mm section [18]..... 79
Graph of SDAS and area percent intermetall..............cccccceeeieiiiieeeeennn. 80
Potentiodynamic polarisation curves in@®NaCl [13]. ..........ccceevvvvrnnneee 81
Potentiodynamic polarisation curves inZoMaCl [13]..........ccceevvvvvvnnnee 82
Potentiodynamic polarisation curves inlaad[14]. ...........cooviiiiiiiiiiinnnns 84
Corroded sample showing depths of penetrétom (A) general corrosion
and (B) localised COMmoSION. ........cooviiiiiieeee e 39
Engineering stress-strain for corroded RM?2 thicknesses. .................... 95
Engineering stress-strain curves of urcad PM AJ62 [15]..........cnnnn. 96
SEM micrograph of characteristic shrinkagel in thick sections showing

(0 =T g o 1 (=S TP 97
SEM fractograph showing oxides in an opletiscontinuity at (A) 500 x
ANA (B) 100 X. titeeiiiiiiiiiniunninaea e e e s s s s e e e e e e e e e e e e eeeeeeessennsnnnn s 98

Xii



BSE
CE
DAS

EDS
HCP
HPDC
PM
RE
RE
SDAS
SEM
SHE
UTS
WE
YS

LIST OF ABBREVIATIONS

Back-Scattered Electron

Counter Electrode

Dendrite Arm Spacing

Elastic Modulus

Energy Dispersive X-Ray Spectroscopy
Hexagonal Close Packed

High Pressure Die Cast
Permanent Mould

Rare Earth Element

Reference Electrode

Secondary Dendrite Arm Spacing
Scanning Electron Microscopy
Standard Hydrogen Electrode
Ultimate Tensile Strength
Working Electrode

0.2 % Offset Yield Strength

Xiii



LIST OF SYMBOLS

pro-eutectic and primary eutectic phase of HCPmasigim matrix
secondary eutectic phase

anodic Tafel slope

cathodic Tafel slope

overvoltage

unit cell dimension of an HCP lattice cell, radafsrack or flaw
cross-sectional area

cross-sectional area less the area of crackawsfl
distance from the edge of the section to the eeasfta crack or flaw
unit height of an HCP lattice cell

characteristic ratio of the HCP lattice

average grain diameter

dimensions of a corrosion sample

electrochemical potential

open circuit corrosion potential

elongation at fracture

term in geometry factor

term in geometry factor

geometry factor

current density, number of weeks submerged
open circuit corrosion current density

empirical grain growth constant

stress intensity

mass, initial mass

mass loss, initial mass loss equal to 0

empirical grain growth exponent

number of cracks or flaws

resistance to polarisation

engineering stress

engineering stress after accounting for reduced ar
thickness of section, solidification time

Xiv



CHAPTER 1

INTRODUCTION

This section presents a survey of literature relet@the studies described in this
thesis. The literature survey is intended to gnativation and provide an adequate
technical backdrop for the subsequent experimemtatnd discussion. As well as a
comprehensive literary survey, a concise problatestent is made and organisation of
the manuscripts included in this research is deedri
1.1 LITERATURE SURVEY

It must be understood that magnesium has the logestity of structural metals
[1] thus resulting a low strength-to-weight ratwwhich makes its applications as base
metal in modern alloys an intuitive choice. In tfathe strength-to-weight ratio of
magnesium alloys is the highest [1] of all alloygps available to design engineers.
Strength-to-weight ratio is a common decision cote used in materials selection for
vehicular applications especially where packagimgcerns can be set aside.

Manufacturers in the transport industries are buedewith the demand on their
products for better fuel efficiency and lower eross. In order to meet these demands
while maintaining sufficient performance, one ok thkey areas of research is the
development of lightweight materials [1-57]. Ligltight alloys offer both improved
machine efficiency via reduced rotating and re@ptmg masses and lowered overall
vehicle weight requiring less inputted energy foygulsion.

The present study observes the properties of ay all interest: the permanent
mould (PM) cast magnesium alloy AJ62. To deliver éxperimental results, a review of

some of the topics pertaining to them is presefiee. These topics include: pure



magnesium, magnesium alloys, casting of magnesilogsa corrosion of magnesium
and its alloys, and other relevant preceding work.
1.1.1 Pure Magnesium

The magnesium atom has a radius of 0.160 nm andass raf 24.31 g/mol.
Crystallographic structure of pure magnesium isagexal close packed (HCP) as in
Figure 1 with ac/a ratio of 1.623 being lower than ideal [2,3]. $fyth of the
magnesium crystal is based on this structure dsadisons prefer to move only through

the basal planes. For the single crystal, the otthier deformation mechanism at room
temperature is twinning about thhoiz} family of planes [1]. The complex

polycrystalline metal is susceptible to grain boanyd sliding and all deformation

mechanisms become worse at elevated temperatures.

Fig. 1-1 Hexagonal close packed lattice strucfil}e

In fact, high-temperature performance of the mistdletrimental to its application
in automotive powertrains [4]. The melting tempera of magnesium at 1 atmosphere

pressure is 650 °C [5]. This low melting temperatuelative to other structural metals,



is representative of the stability of the metahagh temperatures. Creep is generally
observed in magnesium alloys at operational poaiartemperatures of about 150 °C [4]
and so magnesium can be deemed unsuitable fobose ¢his temperature.

Another poor property of the metal is its corrosimsistance [6,7]. Pure
magnesium has, along with the lowest density, threest corrosion potential of 2.4 V
with reference to the standard hydrogen electr&¢E(] [7,8]. Appearing at the bottom
of the galvanic series, it is the most anodic bivetals and readily gives up Kfgions
[7]. This proneness to ionic dissolution also nsaltee pure metal a poor candidate for
automotive application. It should also be noteat the relatively soft metal exhibits poor
wear, which also restricts its use.

Therefore the significant pros and cons for saigcthagnesium as an engineering
material are apparent. Even for a structural carepbwith little to no requirement for
wear, the cons, which include the worst corrosiamd gooor high-temperature
performance, markedly outweigh the beneficial gtlerio-weight ratio. In general,
these characteristics project themselves onto nsagmebased alloys but educated
manipulation of alloying elements and microstruetuzan reduce or avoid their
detrimental effects [4, 9].

1.1.2 Magnesium Alloys

A number of magnesium alloys exist and the mostrmom include 3 to 10
percent aluminum by weight [10]. The reasons fbrs tare good solubility,
electrochemical similarity, and maintenance of tesirable weight advantages. The

phase diagram for the binary system at 1 atm pressushown in Figure 1-2 with a



highlighted band indicating the commonly employedhpositions. These compositions

lead to a general microstructure for these alloys.

Weight Percent Magnesium
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Fig. 1-2 Binary aluminum-magnesium phase diagraaptat! from [5].

Observing the micrograph of a Mg-Al alloy in Figure3 offers some information
about this general microstructure. The cells, @trix in the case of discontinuous
boundaries, is largely magnesium with some alumimusolid solution and regarded as
the pro-eutectie: phase. The intercellular material is eutectic endften lamellar but
depends on the composition and processing. The emectic constituents are the
Mgi7Al 12 intermetallic, referred to as tifephase, and the magnesium. The intercellular
eutectic materials including thieintermetallic phase do offer some improved strieryt

stopping deformation. Their influence, howeverpften limited to room temperature



mechanical behaviour. This is because at eleviaegeratures, the development/of

particles within the matrix is discontinuous [11],4Rd the existing eutectic softens.

Fig. 1-3 High-pressure die cast AM50 microstructslewing interdentritic eutectic
material [13].

As well as thep phase, intermetallics particles containing teytialloying
elements can also play a large part in stoppingirand elevated temperature dislocation
movement [4,11]. This behaviour is a well knowntatlargical principle and even some
thermal treatmentd,e., age or precipitation hardening, take advantagsush phase
transformation. For this reason commonly emplogialys are actually ternary or better.
Table I-1 shows some magnesium alloys of interesd &#heir compositions. The
nomenclature includes letters for significant alhgy elements other then magnesium
followed by their respective percents by weighh the case of most tertiary elements,
they bond with magnesium, aluminum, or both to fammall intracellular particles that
can interact with dislocations [4]. For most alpyhere are usually larger aluminum-
manganese intermetallics [10] as well becausepteinn Table I-1, a significant amount

of manganese is present for reasons discussed later



Table I-I Examples of modern Mg-Al alloys and theomenclature
Alloy Al (wt %) Mn (wt%) RE (wt%) Sr (wt%) Zn (wt%)
AE 42 ~4 <0.5 ~2 0 0
AE 44 ~4 <0.5 ~4 0 0
AJ62 ~6 <0.5 0 ~2 0
AM50 ~5 <0.5 0 0 0
AMG60 ~6 <0.5 0 0 0
AZ31 ~3 <0.5 0 0 <1
AZ91 ~9 <0.5 0 0 <1
The balance weight percent is magnesium and sraaks of other elements or
impurities.
Elevated temperature deformation in magnesium age by multiple

mechanisms [4]. One mechanism is diffusion cre@ereby atoms use the additional
thermal energy to migrate within the crystals ektigy them in the direction of applied
stress [4]. This is the first of three major matbms. Another mechanism is grain
boundary sliding [14] which is actually associateith the third mechanism: dislocation
movement within the crystal [1]. Dislocation mowvemh in the crystal occurs at room
temperature but is encouraged by additional thererargy available at elevated
temperatures. Therefore, the commonly observedhamems at the onset of creep
behaviour, which is expected in powertrain appiwat are those associated with
dislocation movement [4]. Resistance to elevateaperature deformation can be
achieved if the small intermetallic particles mengd previously are stable at high
temperature and precipitate continuously withinriegrix [4,11]. The benefit of the AJ
alloy, however, does not rely entirely on the mdes within the grain’s interior but at the
grain boundaries or interdendritic regions.

In earlier research, rare earth (RE) elements dicdrs had been used to develop

alloys targeted at improved creep resistance T4le mechanism lending to their success



was aluminum’s greater affinity for the other elertsethan for the magnesium. THhe
phase is suppressed in these alloys allowingRBlintermetallics, for example, to form
that are more metallurgically stable than;Md1,. RE elements are aptly named and the
rarity of the elements can lead to high costs tmait feasibility of those alloys for
industrial application [4]. Attempting to achietlee same mechanism with some other
element, researchers tried adding calcium to alkyeh as AM50 and AM60 [15-17].
Unfortunately, these alloys are not well suited éasting as cracking occurs without
careful mould design [4]. Strontium was exploreslthe new tertiary element. At
present, it is the most cost effective way of harglthe high temperature demands of
automotive powertrains. Strontium additions susfidly suppress MgAl 1, replacing it
with stable AlSr at the interdendritic regions and allowing thg;Ml, to precipitate
continuously at elevated temperatures further hindedislocation movement [11, 12,

18]. A micrograph of the cast AJ62 microstructisrgshown in Figure 1-4.

Fig. 1-4 Micrograph of die cast AJ62 showing thaédlar ALSr interdendritic
intermetallics [11].



1.1.3 Casting of Magnesium Alloys

The alloys discussed above are suitable mainlifgii-pressure die cast (HPDC)
components. It has been noted, however, thatdbtalgility of the AJ62 alloy is quite
good for the currently employed HPDC processes [4}astability of the alloy is
sufficient for the sand casting process [11]. Thas led to the present studies on the
feasibility of permanent mould cast components 230- The PM casting process is
much more primitive than that of HPDC. HPDC inwsvthe injection of metal into a
mould cavity through a narrow gate [24] at a higlesgure as the name implies.
Needless to say, this operation requires machitietyis costly to purchase and maintain.
The benefit, however, is net shape manufacturirdy\ary high productivity allowing
mass production operations to achieve economissale. PM casting, in contrast, is a
gravity-fed process that requires only the metalilth@r die and time. Therefore, lower
overhead cost is the one advantage of PM castirgn whticipated production levels are
relatively low.

Overhead cost is not necessarily the motivationstadying the PM process. A
number of design advantages for PM castings ovdd@E&Ho exist and they result from
the nature of the HPDC process. During the HPD@cgss metal is forced into the
mould cavity under pressure as previously explain&g#cause the strength of HPDC
parts relies on a rapidly solidified microstructuneould temperature can be below the
liquidus temperature. Therefore, as the liquidahenters the mould, it freezes on the
mould wall with a very high cooling rate [24]. TBhigenerates a fine, dense

microstructure in these locations [25,26]. Theahabw passing by on its way into the



mould has cooled to a semi-solid or slurry statd.[2As it shears, the frozen material it
generates defect bands with high porosity [25].
The thin layer frozen along the mould wall is oftefierred to as the skin [27].
Skin material is assumed to be primarily respoesibt an HPDC casting’s integrity [28].
Because the interior region of the casting has iapeed a lower cooling rate, a coarser,
less dense microstructure characterises the intericore. Recent research has shown
that this concept alone does not fully explain ledaviour of HPDC components as the
skin is often not uniform in thickness or hardnassund the casting’s perimeter [27,28].
It has been proposed that intermetallic continuiithin the casting as observed in three
dimensions also has a significant influence simaetfire is interdendritic in nature. As
poor intermetallic continuity or reduced skin taredhickness ratio occurs, mechanical
integrity of the HPDC casting generally deteriosat@th increasing section thickness.
Furthermore, grossly machining HPDC parts wouldate@ny mechanical advantage the
skin material does have to offer. Lastly, the defmnds observed in Figures 1-6 and 1-7
do not generally allow for thermal processing of HRDC part. Because the gas
contained in the subsurface porosity bands expahtEmperatures required for thermal
treatment, blistering of HPDC components often ogcypon attempted heat treating [29].
The advantages of developing a successful PM casbostructure would be to

allow design of cast parts including relativelycthisections, significant machining, and
thermal treatment. Thus, the AJ62 alloy could seduin a much greater range of
applications. A greater range of application pdeg the general motivation for the

present characterization of PM AJ62.



Fig. 1-5 Schematic of resulting microstructure simyndefect bands [25].

Fig. 1-6 Defect bands as they appear in the cresses of an HPDC thickness [26].
1.1.4 Corrosion of Magnesium and its Alloys
AJ62 is well regarded among magnesium alloys ®mechanical properties but

the larger issue with application of this alloyits corrosion. As previously mentioned,
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magnesium is very anodic and this relates to theosmn of its alloys. Before

discussing the electrochemistry of Mg-Al alloys, it important to understand the
corrosion of pure magnesium. Of particular inteege the chemical reactions that occur
as a result of contact with water. This is becdansautomotive application, the largest
concerns are harsh road conditions with the presefcaqueous solutions containing
road salt and commercial engine coolants that coriiatween 30 and 70 % water
[30,31]. In agqueous solutions, magnesium can ogvalgalvanic cell [6,7,9,24,32-34],

which is shown in the diagram of Figure 1-8. Magjum takes the role of anode where
reaction 1-1 takes place. This involves the disgmh of Mcf* ions into the solution and

electron movement into the material [6-9,34]. Authier metal can then take on the role
of cathode generating hydrogen gas [6] as indidaye@action 1-2. Lastly, the corrosion
product magnesium hydroxide forms according totreacl-3 between the products of

the anodic and cathodic partial reactions[6].

Electrolyte l

C

A d

N + ve ions t

~> o —> <— h

d -ve (0]

s electrons| d

e

Fig. 1-7 Concept of the galvanic cell.
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Table I-1l, taken from reference 8, is a series@fosion potentials, with respect to
the standard hydrogen electrode, showing the rgnéisome metals from typical
cathodes at the top to anodes at the bottom anddspective half cell reactions. These
corrosion potentials are calculated from the défee in Gibbs free energy between the
reactants and products of the half cell reactiofise change in free energy of the overall
galvanic reaction can be determined by combingt@nge for each half cell reaction [8].
Thus the difference in potential between two methlring an electrically conductive
interface and an electrolytic medium, which reldtethe change in Gibbs free energy
[8,35], ultimately drives the electrochemical réactin an attempt to reduce the system’s
overall energy. Magnesium therefore plays anodeireme reactions with some
common metals. For instance, iron representdiieat of severe corrosion because of

its electrochemical dissimilarity to magnesium @srsin Table I-11.

Mg - Mg* +2e Rxn. 1-1
2H,0+2e ~ H, +2(0H) Rxn. 1-2
Mg +2(0OH)" - Mg(OH), Rxn. 1-3

Imagine an impuritye.g., an iron particle, at the surface of a magnesiasticg.
Clearly there is a connection allowing the freenflof electrons and if submerged in an
aqueous electrolyte, hydrogen evolution beginshat impurity while dissolution of
magnesium and corrosion product accumulation ocelsswhere on the magnesium
surface. This phenomenon is referred to as miateagic [9] corrosion and is a serious
problem for magnesium alloys. Work by researctstglying the effect of various
additions has highlighted threshold values, alsowkn as tolerance limits [6,9], above

which severe micro-galvanic attack take place [B,2A plot of impurity level versus
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corrosion rate is shown in Figure 1-9. For sompurities, this value is as low as 5 parts
per million further suggesting that micro-galvargtfects can be severe and have a
significant impact on the corrosion resistancerofloy. This is why, manganese, which

pulls iron atoms out of the molten metal, is ofteund in magnesium alloys [34].

Table I-1l  Series of potentials for selected hadflceactions [8]

Standard Electrode Potential,

Electrode E™ V (SHE)
Au™ + 3¢ = Au + 1.50
Cl, + 26 = 2CT + 1.360
1O, + 27H* + 2¢" = H,0 +1.228
Br, + 2¢” = 2Br + 1.065
Ag'+e = Ag + 0.799
Hgi' +2e =2Hg + 0.789
Fe* + ¢~ = Fe* + 0.771
L+2e =21 + 0.536
Cu*+e =Cu + 0,520
Cu®* + 2e" = Cu + 0,337
2H* + 2¢" = H, 0.000 (by definition)
Pt +2e =Fb =0.126
an?* + 22 =5n =013
Mi?* + 26" = Ni - 0.250
Fei* + 2¢" = Fe = 0.440
Cr*+3 =Cr = 0.740
In*+2¢ =7n -0.763
AP 4+ 36 = Al — 1.663
[ﬂEI- + 2 = Mﬁ =2.370
MNa* +e = Na -2.714
2000

1500

Pb,Sn, Al
o

Fig. 1-8 Effect of additions on corrosion of Mg3r®6 NaCl solution [6].
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In an alloy, there are more than just a few impesitout rather a number of
phases and intermatallic particles present. Fstaite, the magnesium riahmatrix of
the binary Mg-Al alloys discussed earlier makesdmal anode while the MgAl 1, in the
eutectic boundary regions are good candidateshercathodic counterpart. Work by
Joenssermt alia [36] has suggested the electronegativity of ghatermetallic as -0.9 V
compared to -1.3 V fora versus SHE in salt solution. Therefore, a driving
electrochemical force to initiate and accelerateasive attack is established.

Magnesium is a passivating metal that uses its es®gm hydroxide corrosion
product to generate a thin film on the surfacenutqrt the bare metal beneath [6,7,34].
It has been documented that resistance to corrasiair is good for magnesium alloys
alluding to the potential effectiveness of the passim [6,7]. Unfortunately, in aqueous
media, stabilization of Mg(OH)and thereby a film is only achievable at high [@24]
as shown by the Pourbaix diagram for pure magnessinown in Figure 1-10.
Compounding this problem, most environments in Wheagineers would like to apply
magnesium alloys are not alkaline. More often they acidic or neutral. Therefore,
only in small volumes where pH is elevated by thaegnmesium hydroxide production
itself can the passive film survive [6]. If thegsase film breaks down or forms in a non-
uniform manner due to increase in pH of a locatiypped electrolyte, a detrimental effect
similar to the micro-galvanic effect can be cred@. Modern engine coolants contain
inhibitors that promote such films over the enta@face to stay the progression of
corrosion [31]. Since the electrolytic medium cainalways be manipulated in this way,
an example being external vehicular applicatioasearchers continue to investigate two

methods of corrosion reduction. One well reseatamethod is providing a physical
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barrier by coating [7,33,38-45]. Since coatingd adst to production and, in galvanic
situations, it's better to coat the cathode, sone¢atturgical considerations can be made,
that reduces general corrosion of the bare alloy.

Knowing that the constituent phases and their mlaegativity lend to general
corrosion of magnesium by a micro-galvanic, orngtenular [32], mechanism has led to
a number of studies on alloying additions [46-48]loying additions, such as rare earth
elements, can induce replacement ofthghase with other intermetallic compounds that
are more compatible with the anodic matrix. Thiagpal, however, can only contribute
to a certain level of resistance in less aggressohetions. Instead, the key to corrosion
resistance of bare Mg-Al alloys is related to fmerostructure coupled with improved

intermetallic continuity by the following logic.

oa} ~—

Cl‘d F Hg.ﬂ! ? s T

]
-
ol
.

Fig. 1-9 Pourbaix diagram for the corrosion of Mgnater [6].
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As corrosion of a magnesium alloy progresses, dhmatrix is mined away
[9,32,50,51]. A schematic of this concept is shownFigure 1-11. Reducing the
dendritic arm spacing (DAS) therefore reduces thgtll of penetration suffered by the
corroding alloy. If thef phase present is not continuous, corrosion caceage and bits
of the eutectic phase are susceptible to undergniaia spalling [9]. On the other hand,
if the  phase is continuous, undermining and spallingaa@ded and af barrier’ to
further corrosion is developed [9,50,51]. Thbarrier concept is illustrated in Figure 1-
12. Understanding these mechanisms, researchggesithat a more well-dispersed and
continuous intermetallic material is capable ofugdg ion exchange and thereby mass
loss during immersion corrosion [9,50,51]. Thiggestion is made in light of the fact
that presenting morg surface area reduces resistive electrolyte leagthincrease the

cathode to anode ratio sites that leads to comdsia).

Anodic reaction Cathodic reaction
Mg — Mg2* + Ze 2H,0 + 2e — 2{0H) + 2ZH; (o)
t"\\‘ug.mmﬂx
it = Phase
ﬁ" Phase (Mg, Al,;) Intermetallic compound
{Al, Mn, Fe)

Fig. 1-10  Micro-galvanic corrosion progression of lslloy constituents [32].
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{3 corrosion

products
(B)

Fig. 1-11  lllustration of th@-barrier concept showing microstructure (A) befanel
(B) after corrosion [9].

1.1.5 Preceding Work

Characterization of the PM AJ62 casting’'s microsuee, as presented in the
following chapters, must include documentation lod specific processing parameters
used. For this reason, a summarization of theegiag work including the casting
design and parameters, as well as some theoret#allations based upon them is
presented here.

To begin, the dimensions and shape of the mouldy;ae., the yielded four-step
casting, is given in Table I-1ll. The mould is neadf steel and houses the mould cavity,
risers, and the gating system less the pouringhbaéi schematic of the gating system
and mould cavity is given in Figure 1-13. The nibahd complete gating system were
designed with the aid of Magmasoft® simulation waite to achieve the desired results
[20]. Calculations for parameters used in the glesnclude: the weight of the poured
metal, the filling time, the average modulus, mogubf the thinnest section, and also the
theoretical solidification time, which was much ager than the filling time [20]. Further

calculations dictated the gating dimensions, argtimg simulations using the design
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were conducted observing the thermophysical pregsedf Table I-IV. 100 % mould
filling was achieved using a high initial die temgtire of 400 °C and proper gas

ventilation [20]. A full account of this designqmess is provided by Swhalia [20].

Table I-1ll  Dimensions of casting steps
Step Length (mm) Width (mm) Height (mm)
1 150 50 4
2 150 50 6
3 150 50 10
4 150 50 20

Later, experimental verification showed similarulés to those obtained through
simulation [20]. For the actual casting, graphitesed lubrication was applied manually
as a mould coating [20]. The mould was preheatitl strip heaters to 400 °C and the
melt had a temperature of 690 C. The molten AJB¥ avas poured under cover of a
protective gas (sulphur hexafluoride¢3F5 % + carbon dioxide G Actual cooling
data observed via thermocouple indicated fillingdito be in the range of 2.4 and 3.2 s
[20]. Solidification times for the sections wegf to 80 s, which is quite fast for an un-

chilled mould [53].

Fouring Basin

Fig. 1-12  3-dimensional rendering of the step ogstvith a gating and riser system
[20].
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Table I-IV  Thermophysical properties used to mdtelcasting process [20]

Thermal Conductivity (W/mK) 77
Specific Heat (J/kgK) 1150
Density (g/cr) | 1.80
Latent Heat (kJ/kg) 360
Coefficient of Thermal Expansion (um/mk27.3
Melting Range (C) 515 to 612

The solidification times are important to understan the development of the
microstructures presented in this thesis. An eiggdirelationship between the secondary
dendrite arm spacing (SDAS) and the solidificatiome has been well established [54].
Equation 1-1 adequately describes this relationstiprek is a constant unique to an
alloy, andn is a constant value usually between 0.5 and @66dcondary dendrites [54].
Therefore an expected microstructure for the gsestion thicknesses can be worked out.
Other work [55] has shown that there is a signiftceffect of temperature gradient on
this relationship due to a prolongation of the seaing time beyond the solidification
time. This concept is especially true for largadients and low solidification velocities
[55]. In reality, there is a gradient in the sdyithg AJ62 step casting but the
solidification velocity would be higher given thdédserved times. Further calculation
might yield a more accurate representation of teeddtic growth. However, for this
survey, the simple formula of Equation 1-1 suffices

d=k0" Eqgn. 1-1
Whered is the average grain diametér,and n are empirical constants, ands the
solidification time.

Unfortunately, little work has been done at predentletermine the constaris
and n for the AJ62 alloy. Since AJ62 is largely an HPROoy, microstructure

observations existing in the open literature canmetrelated to cooling information
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without consideration of the pressure effects didgigation. So without known values
for the required constants and no way to extrapoliis from existing data, an

approximation must be made based on other all@se early experiment developed the
following to describe an Mg-Zn alloyd =105 * [56]. These values would yield

calculated SDAS values between 34.8 um and 60.6fqrnthe previously mentioned
solidification times. Another study [57] indicatédtht for AM50, solidification rates of 1
°Cls and 4 °C/s resulted in SDAS values of 64.3.31gm and 43.4 +9.7 um,
respectively. Considering that the liquidus ankidss include a range of approximately
200 °C (625 °C to 425 °C [53,57]) the rate wouldhatween 9 °C/s and 2 °C/s giving
roughly estimated SDAS values well below 40 umhweignificant scatter. This spacing
can then be used in combination with empirical équa relating cell size to mechanical
properties such as the Hall-Petch equation [2]ef@mple, to gain some insight as to the
mechanical strength of the alloy. As well, there a number of SDAS effects on
corrosion, as previously discussed. Of coursargssialways contain one or more of a
number of defects including various porosity types solidification defects. Therefore,
experimental determination of the cast alloy prapsrfor various microstructures, as in
the following chapters, is required for accuratarelsterisation.
1.2 THESIS OBJECTIVES

The experimental work focuses mechanical and cmmogroperties of PM cast
AJ62 with respect to the influence of microstruatucharacteristics. The goal of this
thesis is to evaluate and determine such propedrtgependently, and correlate them to

the microstructure that develops during solidificat Recommendations to the industry,
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in light of the characterised engineering perforogaaf the alloy, are an additional driver
for this research.
1.3 THESIS ORGANISATION

This thesis combines the results of five indepehdeanuscripts in logical
progression as well as a unifying discussion tsBathe aforementioned objectives. In
the first work, a step-casting of AJ62 was produiced gravity-fed, permanent mould to
understand the effects of section thicknessessoméchanical properties. Specimens of
four varying thicknesses were prepared from respecsteps in the castings, and
subsequently tested in tension at room temperatirgeneral degradation of mechanical
properties was observed as thickness increasettlefiwariations in microstructure for
each thickness were also observed via microstrailcamalysis. Changes in mechanical
performance were thereby attributed to differenicesnicrostructure evolution during
solidification can be made.

Studies for the second manuscript attempt to deternthe effect of NacCl
concentration on microstructure-induced variatiomgcorrosion. Experiments include
potentiodynamic testing of two permanent mould gastrostructures with markedly
different cell sizes in two NaCl solutions havingffetent concentrations. The
preliminary results indicate the existence of snaatiations in PM AJ62 corrosion based
on dendrite arm spacing. Corrosion morphology loa tested surface confirms the
anodic behaviour of the magnesium rich cells.

In the third manuscript’s research, various permansould cast AJ62 specimens
with different section thicknesses were subjected immersion corrosion in

commercially-available engine coolant. The objertwas to determine corrosion
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behaviour variation among casting thicknesses.rdSmn product accumulation suggests
passive film formation, and unlike in other medibe film exhibits certain stability.
Contrasting 4 mm and 20 mm thicknesses were useeérterate polarization curves for
their respective microstructures in engine coolavariation of corrosion resistance with
casting section thickness was observed in the suridese preliminary results indicate
that coarsened microstructures reduce corrosiastaese of the permanent mould cast
AJ62 alloy.

Next, the results of experimentation on multiplerasion media are examined to
determine the particular effect of electrolyte elide and inhibitor concentrations as well
as the limitations of microstructural corrosion iseance. Corrosion potential for
different microstructures converges as chlorideceatration increases, possibly due to
increased severity of the reactions and presenagesofiting surface phenomena. The
same is true for the corrosion current density $8)leas in engine coolant, anodic
inhibitors are present. Lastly, passivating bebawvis promoted by the engine coolant
and the coarser microstructure with lower area guérentermetallic is benefited the
greatest.

The last of the presented manuscripts details émsile testing of corroded
specimens. This study was undertaken to charaetdre combined behaviour of the PM
cast AJ62 alloy. Specimens from four different mogtructures, due to varied casting
thickness, were submerged in NaCl solution foreptermined duration. Subsequently,
the corroded specimens were observed and subjdctetknsile testing. SEM
observations of the fracture surfaces showed théhd#d penetration by corrosion. It can

be seen that the penetration of corrosion was fgignily more severe for the coarser
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microstructure and that this led to the accelenatibbrittle fracture as confirmed by the
stress-strain data.

Finally, conclusions are drawn and a preliminarydeidor the independent and
combined response of PM cast AJ62 is developedcommendations for practical
application in the transportation industries, egdBcthe automotive sector are given in
the final chapter as well. Table I-V highlightsetbriginal publication information for
each of the manuscripts.

Table IV Publication information for presented macripts

Chapter| Manuscript Title Source
2 Effects of section thickness on tensile Magnesium Technology 2010}
properties of permanent mould cast The Minerals, Metals, and
magnesium alloy AJ62 Materials Society. (2010) 367t
371
3 Corrosion of permanent mould cast Proceedings of the 1T4Vletal

magnesium alloy AJ62 in NaCl solutions | Casting Congress.
American Foundry Society.
(2010) Paper No. 10-022.

4 Microstructure influence on the corrosion ©BAE World Congress 2010
permanent mould cast magnesium alloy | Paper. Society of Automotive
AJ62 in engine coolant Engineers. (2010) Paper No.
2010-01-0412.
5 Corrosion performance of permanent mouldnpublished

cast magnesium alloy AJ62 in automotive
environments

6 Influence of corrosion effects on mechanicalnpublished
properties of permanent mould cast AJ62
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CHAPTER 2

EFFECTS OF SECTION THICKNESSES ON TENSILE
PROPERTIES OF PERMANENT MOULD CAST MAGNESIUM
ALLOY AJ62°

2.1 INTRODUCTION

Alloy AJ62, like other magnesium alloys, is recaryimuch deserved attention
within the automotive industry due to its high dfiestrength as a structural metal [1,2].
High temperature properties of the alloy promoseajpplication in environments where
magnesium alloys have been unfit to handle sucratdd temperatures in the past. It has
been suggested that creep resistance is achievdad/dynajor mechanisms in high-
pressure die-cast (HPDC) components [2]. Smadrmétallic Al-Mn particles that are
present in the:-Mg crystals hinder the movement of dislocationsréby strengthening
the material. Secondly, the grain boundary eutgitase MgAl 1> normally observed in
Mg-Al alloys, which softens at high temperaturessuppressed in Mg-Al-Sr alloys as
aluminum bonds preferentially with strontium to rfora different grain boundary
constituent. Aluminum content is high enough, hesve that as temperatures are
increased the MgAl;, intermetallic precipitates continuously providirggnall hard
particles that strengthen the alloy [2,3].

While similarly desirable high temperature propesthave been observed among
magnesium alloys with the addition of calcium oreraarth metals, castablilty and cost
of the AJ62 alloy sets it apart from other contegdalloys [1-5]. Defect-inherent
inexpensive processes such as HPDC are generatiioged to minimise casting costs

for most applications of high temperature magnesalloys. Despite their low cost and

" Contents of this chapter have been reprinted pétimission from Magnesium Technology 2010, © 2010
TMS. See Appendix B for copyright details.
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capability of net-shape manufacturing, they areroinfeasible for engineers to design
components with thicker sections, as cast qualiéyerbrates severely with large
thicknesses [6]. Thermal treatments are not agipliéceither, since porosity bands due to
high velocities during casting [7] lead to blisteyiat treatment temperatures. In an effort
to afford notable creep resistance in a magnesilog aomponent with thick sections
produced via some relatively inexpensive methodyity-fed permanent mould AJ62
step-castings were manufactured in the preseny.sti particular, the purpose of this
work was to relate microstructure formation and haedcal properties of the alloy to
casting section thickness.
2.2 EXPERIMENTAL PROCEDURE
2.2.1 Casting Preparation

A mould, machined from steel, was used to create-$tep castings as in Figure
2-1. The step-castings produced had four dissections with thicknesses of 4 mm, 6
mm, 10 mm, and 20 mm. AJ62 ingots purchased froima@ustrial supplier (Magnesium
Elektron) were used for preparing the step-castmgisout any additions. The chemical

composition for this alloy is presented in Tablé. Il

Fig. 2-1 Schematic of casting shape.
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Table II-I  Composition of AJ62 alloy in wt%

Alloy Al Sr Mn Si Zn Others

AJ62 6.00 2.82 0.28 0.02 <0.01 <0.002

2.2.2 Tensile Testing

Subsize rectangular tension specimens were preparearding to a modified
ASTM standard B557M [8]. The gauge length and Wwidf the specimens were
machined to 25 mm and 6 mm, respectively. Thekitass, however, was determined by
the salvageable thickness of each step after afgctdein the as cast surface were
machined away. Each sample was polished to awoédssconcentrations and cross-
section dimensions were measured.

After preparation, the samples were tested at ré@mperature on an Instron
8562 universal testing machine equipped with a datpiisition system at a strain rate of
0.5 mm/s. The outputted data, including displacgnmeeasured by extensometer, and
tensile load, were then analyzed. The average §’sumoduli (E) for each thickness
were determined using ASTM standard E111 [9] fon-tibear relationships. The
average 0.2% offset yield (YS) as well as highésieoved ultimate tensile strength (UTS)
and % elongationg) were also determined for each thickness.
2.2.3 Microstructure and Fracture Analysis

Specimens representing the gauge cross-section mereted and polished
according to standard metallurgical procedureseach thickness. An optical light
microscope was used to note general trends in dacpmendrite arm spacing (SDAS)
before the samples were observed using scannimfyalemicroscopy (SEM). SEM
images were generated to identify porosity and ghagthin the samples. Phases were

identified with the aid of energy dispersive x-spectroscopy (EDS). SEM fractographs
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were also prepared to identify any variations ia thilure mode among the different
casting thicknesses.
2.3 RESULTS AND DISCUSSION
2.3.1 Microstructure Analysis

Marked variation in the coarseness of the micrasties is evident in Figure 2-2.
Parts (a) and (b) of Figure 2 show optical micrpgsafrom the 4 mm and 20 mm
sections. Average cell size escalates from prhCfor the 4 mm specimens to ~geh for
the 20 mm thickness. Greater total thermal enardlie thicker sections of liquid metal
requires more time for removal during solidificati thermal conductivity of the mould
is the same for both thin and thick sections. Tdmger the time spent at elevated
temperatures, the greater the effects of diffugioterms of solute atom rejection leading
to larger phases and particles. Summarizing tigeéb progression, a thicker section cast
in a similar mould to a thin section, experiencexlaaver cooling rate, and ultimately has
a coarser microstructure as demonstrated by the&ections compared with the 4 mm
in the present study. Figure 2-3 parts (a) thro(dhwere generated by SEM at a
magnification of 500 x for samples from the 4 mm,Bn, 10 mm, and 20 mm
thicknesses, respectively. Along with the obviouariation in coarseness, the
micrographs of Figure 2-3 demonstrate a decreaselirboundary continuity as section
thickness increases that is accompanied by a massiwe congregation of intermetallics
at the cell boundaries. This difference in miastural arrangement can also be
attributed to the variation in cooling rate of $ections. These micrographs also indicate
that while coarseness of the microstructure anttilligion of the intermetallics changes

with thickness, the microstructural constituentaae similar.
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The microstructure of permanent mould cast AJ62médes most other Mg-Al
alloys. Figure 2-4 shows a micrograph from the ot the 20 mm thickness. As seen
in Figure 2-4, Mg rich pro-eutectic cells (dark) are surrounded by eutectic phasgbt(li
gray) developed during non-equilibrium cooling. nost Mg-Al alloys an intermetallic
compound Mg7Al 15, often referred to as thiephase, presents itself at the cell boundaries
[2-5,10-14]. In locations where cell boundary areagreater, a lamellar structure is
visible in SEM micrographs. EDS of the matrix asedl boundary locations generated
the spectra shown in Figures 2-5 and 2-6, respaygtivUnsurprisingly high counts of
magnesium in Figure 2-5 confirm that the matrix¢ells, consists almost entirely of Mg.
The cell boundary’s spectrum in Figure 2-6, howeveuggests a significant
concentration of Sr. In the case of sufficienta8ditions to Mg-Al alloys, the common
Mgi7Al 1, cell boundarys phase is suppressed due to Al's greater affimitySr than Mg
which creates an Abr intermetallic. This tendency has been obseivedie cast
components by a number of authors [2-4,13] andbidiened here for the permanent
mould casting process as well. This result isrdbefe as it indicates that the permenent
mould cast material will possess the high tempeeaintegrity reflective of its HPDC
counterpart although the thermodynamics of thepvazesses are very different.

In terms of the room temperature behaviour studredhe present work, the
intermetallic cell boundary constituents undoubtexdfect deformation. Another feature
of the microstructure important to deformation parsing challenge to the movement of
crystallographic dislocations are the intermetgiaticles formed within the matrix. The
bright globule-shaped particle in Figure 2-4 repras the intermetallic particles found

throughout the alloy’s microstructure. The obs&oraof Al-Mn intermetallic particles
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is common in such die-casting alloys as AM50 and6@NI11-13]. Noting in Table II-1
that there is a significant, 0.28 wt%, presenc®lafin the AJ62 alloy, the formation of
similar particles is expected. Figure 2-7, the E€p&ctrum for the particle shown in
Figure 2-4 having notable counts of Al and Mn, aades that the particles observed in
the permanent mould cast AJ62 are most likely #meesAl-Mn intermetallic as in Mg-
Al-Mn alloys.

e

2
7
ol

22

g - St \:-,,. S,
Tty ol A iiyﬂ_%l NI om

33



SEM micrographs from (a) 4 mm, (b) 6 mo),0 mm, (d) 20 mm
specimens.
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Fig. 2-7 EDS spectrum for the particle at locatibm Figure 2-4.

2.3.2 Tensile Testing
Figure 2-8 shows the representative stress-strairves for each of the
thicknesses studied. The curves show that undesiléeloading, the alloy deformed

elastically first. Then, once the yield point reedhplastic deformation of the alloy set in.
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It is obvious that the ultimate tensile strengtie)d/strength, and elongation of the 10 and
20 mm thick samples are lower than the 4 and 6 pecisiens. The effect of section
thicknesses on tensile properties of permanent-tncast AJ62 alloy is shown in Table
lI-1 and Figure 2-9. It can be seen from the teswhat a decrease in the section
thickness brings a significant improvement in UTE &S, and some improvementkn
The UTS, YS ands; of the 4 mm thick AJ62 section are 153.6 MPa, 94Ra and
2.71%, respectively, which results in increase24%o in UTS, 14% in YS, and 36% in
elongation over the 20 mm thickness. The improvementensile properties as the
thicknesses decrease should be attributed to &hestecucture and massive well-dispersed

intermetallics.

Table II-1l  Variation of tensile properties witha®n thicknesses
T (mm) E (GPa) YS (MPa) UTS (MPa) | E(%)
4 38.7 £2.3 93.1 +2.0 153.6 +9.4 2.71 +0.50
6 35.8 +6.4 91.0 £2.0 153.2 +8.1 2.84 +0.33
10 34.3 £8.0 87.7+1.1 131.2 2.7 1.79 +0.14
20 33.3 6.3 81.8+1.2 123.9 +3.3 1.99 +0.23
180
160 +
140 +
S 120+
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Fig. 2-8 Average engineering stress-strain curves.
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Fig. 2-9 Section thicknesses effect on UTS, YS, Braf permanent mould cast
AJ62.

As the results show, the microstructure variatimmf one section to another has a
large effect on the mechanical properties. Thissigecially true for the most prominent
of the mechanical property degradations mentioreatiee: the elongation. A severe
embrittlement of the as-cast material with incregssection thickness was observed.
Fractographs in Figures 2-10 and 2-11 exemplifyréimge in fracture behaviour between
the 4 mm and 20 mm thick specimens. Figure 2-l1fdatstrates a ductile fracture
surface containing dimples as the most observemiree@nd dramatic height variations
resulting from the elongated nature of the surfate.constrast, Figure 2-11 illustrates
brittle fracture with the dominating presence datphu-like flat surfaces as a result of the
crystallographic shearing effect. Such embrittietn@henomena have been well
documented elsewhere [6,11,12] for squeeze andalie magnesium alloys including
AM50. Resemblance of the permanent mould castiseas’ behaviour to that of
squeeze cast specimens is not unexpected as nedtbiang process exhibits significant

gradients in cell size or porosity throughout aegithickness. Fracture behaviour, just as
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the mechanical properties of the permanent mout syzecimens, relies primarily on the

distribution of intermetallics.

Fig. 2-10  Fractograph of 4 mm tensile specimen.

oy SO0 E;._Jl'r'l i

Fig. 2-11  Fractograph of 20 mm tensile specimen.

2.4 SUMMARY
1. The characteristics of the permanent mould 83862 microstructure prominently
affected by casting section thickness include @aass, cell boundary continuity,

and distribution of intermetallics.
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2.

In terms of constituent phases, the microstrectf the permanent mould cast
AJ62 alloy does not vary from that observed foreothasting processea:Mg
makes up the matrix; eutectic,8F appears at the cell boundaries; and globule Al-
Mn particles are common within the matrix.

The section thickness plays a large role in thechanical performance of
permanent mould cast AJ62. Most notable is theiggah by over 30 % in
elongation from 4 mm thicknesses to 20 mm.

The well-noted transition from ductile to bettifracture among specimens of
increasing casting thickness can be attributedh® dell size and intermetallic

distribution.

2.5 REFERENCES

[1]

2]

[3]

[4]

[5]

[6]

Hu, H., Yu, A., Naiyi, L., Allison J.E., Poteat magnesium alloys for high
temperature die cast automotive applications: aiewev Materials and
Manufacturing Processes. 18 5 (2003) 687-717.

Kunst, M., Fischersworring-Bunk, A., L'Esperands., Plamondon, P., Glatzel, U.,
Microstructure and dislocation analysis after crdeformation of die cast Mg-Al-
Sr (AJ) alloy. Materials Science and Engineeringp20-511 (2009) 387-392.

Jing, B., Yangshan, S., Shan, X., Feng, X.nba, Z., Microstructure and tensile
creep behavior of Mg-4Al based magnesium alloy$ wikaline-earth elements Sr
and Ca additions. Materials Science and Engine&intl9 (2006) 181-188.

Kielbus, A., “The influence of casting temparad on castability and structure of
AJ62 alloy,” Archives of Materials Science and Hregring, 28 (6) (2007) 345-348.

Baril, E., Labelle, P., Pekguleryuz, M.O., Eited temperature Mg-Al-Sr: creep
resistance, mechanical properties, and microstreictiournal of Materials. 55 11
(2003) 34-39.

Sun, Z., Zhou, M., Hu, H., Naiyi, L., Straindftiening and fracture behavior of die

cast magnesium alloy AM50. Research Letters in Nhte Science. (2007) ID:
64195.

39



[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Dahle, A.K., Sannes, S., St. John, D.H., Wegten H., Formation of defect bands
in high pressure die cast magnesium alloys. Jowhhlght Metals. 1 (2001) 99-
103.

ASTM Standard B577M, 2007el, “Standard test huds for tension testing
wrought and cast aluminum- and magnesium-alloy yeted (metric),” ASTM
International, 2007, DOI 10.1520/B0557M-07E01.

ASTM Standard E111, 2004, “Standard Test MethHod Young's Modulus,
Tangent Modulus, and Chord Modulus,” ASTM Interoatl, 2004, DOI
10.1520/E0111-04.

Gordon, A.W., “Comparison of methods for claesizating porosity in die
castings,” Engineering Research Center for Net Sidgnufacturing, (1991).

Zhou, M., An experimental study of die and sgre cast magnesium alloy AM50.
Master Thesis, University of Windsor. (2004).

Zhou, M., Hu, H., Li, N., Lo, J., “Microstruatal and tensile properties of squeeze
cast magnesium alloy AM50,” Journal of Materialsgiereering and Performance,
14 (2005) 539-545.

Wang, S., “Microstructure and tensile propestof squeeze cast Mg-Al-Sr Alloys”
Thesis, University of Windsor. (2007).

Tang, B., Wang, X.S., Li, S.S., Zeng, D.B., WR1, “Effects of Ca combined with
Sr additions on microstructure and mechanical ptagseof AZ91D magnesium
alloy,” Materials Science and Technology, 21(20853-578.

40



CHAPTER 3

CORROSION OF PERMANENT MOULD CAST MAGNESIUM
ALLOY AJ62 IN NaCl SOLUTIONS *

3.1 INTRODUCTION

Magnesium alloy AJ62 is receiving increased intereem the automotive
industry due to its high specific strength [1,2igh-temperature properties of the alloy
promote its application in environments where magme alloys have been unfit to
handle such elevated temperatures in the pasepCesistance is achieved by two major
mechanisms in high-pressure die-cast (HPDC) compeneSmall intermetallic Al-Mn
particles having a diameter of 6 £ 3 nm are presetiiea-Mg crystals and interact with
dislocations thereby strengthening the material [2fecondly, the grain boundary
eutectic phase MgAl1> normally observed in Mg-Al alloys, which softens lagh
temperatures, is suppressed in Mg-Al-Sr alloys lamiaum bonds preferentially with
strontium to form an ABr intermetallic. Aluminum content is high enougiowever,
that as temperatures are increased the;Mg intermetallic precipitates continuously
providing small hard particles near the interdeti@egions that also interact with
dislocations [2,3].

While other high-temperature alloys have been dgpes, castablilty and cost of
the AJ62 alloy sets it apart from other contendmtpys [1-5]. Defect-inherent
inexpensive processes such as HPDC are generafiioged to minimise casting costs
for most applications of high temperature magnesalloys. Despite their low cost and

capability of net-shape manufacturing, they ofteevpnt engineers from designing

" Contents of this chapter have been reprinted pétimission from AFS Paper No. 10-022, © 2010 AFS.
See Appendix B for copyright details.
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components with thicker sections, as casting gqualateriorates severely with large
thicknesses [6]. Thermal treatments are not agipliéceither, since porosity bands due to
high velocities during casting [7] lead to blisteyiat treatment temperatures. As such,
the feasibility of a PM variant was investigated.

In a previous study [8], a permanent mould AJ6-st&sting was successfully
poured to evaluate the mechanical properties iragdry the process. This has opened
another window of opportunity for characterizatiointhe alloy. The present work is a
preliminary investigation of the PM cast alloy'seefrochemical behaviour. Many
automotive powertrain components are not only saibgeto high temperatures but also
the corrosive environment of salty winter road dbads. As well, any strong but
lightweight alloy such as AJ62 is a candidate fbassis and suspension components.
These too are subject to the potentially harsh matitions. Since the variation of
microstructure with PM casting section thicknessi$gikely to be exposed due to post-
cast machining, a further understanding of PM Ag6&iicrostructural influence on
corrosion in varied NaCl solutions was sought.

3.2 EXPERIMENTAL PROCEDURE

In order to fulfill the objective of this work, ezetion of the experiment
proceeded in five steps. These include: samplepapa¢ion, observation of
microstructure, potentiodynamic testing, analydithe polarization findings, and finally
observation of corroded microstructures.

3.2.1 Sample Preparation
Two samples were used for the potentiodynamicrigstiThey were extracted

from the two extreme thicknesses of a step castepyesented in Figure 3-1, prepared in
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a steel mould. The thicknesses of these two sectiere 4 mm and 20 mm for the thin
and thick sections, respectively. Compositionhef &lloy used in the step casting, which

was supplied by Magnesium Elektron, is given inl&db-I1.

Fig. 3-1 This schematic represents the PM steprcashape.

Table IlI-I  Composition of AJ62 alloy in wt%
Alloy Al Sr Mn Si Zn Others
AJ62 6.00 2.82 0.28 0.02 <0.01 <0.002

Thin rectangular samples were taken from the ogstilowing sufficient surface
area as required for the testing procedure. Tinepkes were polished with abrasive
papers up to 600 grit both before and in betwedividual tests. Although polishing the
samples between tests removed material from theplsanit had been observed
previously [8] that the microstructure within thermanent mould cast sections varies
little, if at all, throughout the thickness.

3.2.2 Observation of Microstructure

Representative samples for the two thicknesses wesanted and polished
following standard metallographic procedures. Gituent phases and their distribution
were observed by scanning electron microscopy (SERDpulation and distribution of

microstructure constituents that may act as catsdde for micro-galvanic corrosion can
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have a large effect on the corrosion charactesigifcan alloy. For this reason, the area
percent of intermetallics observed was determirsaguASTM standard E562-08 [9].
3.2.3 Potentiodynamic Testing

Potentiodynamic polarization testing was carried exposing 0.7854 cmof
sample surface area to the electrolytic mediathik case, each sample was tested using
two different NaCl solutions: 0.5 % and 1 %. Tweatrodes were submerged in the
electrolyte: a counter electrode, CE, near the $amsyrface, and a reference electrode,
RE, elsewhere in the solution. The set-up showkignre 3-2 describes the system.

Prior to each test, the specimens were held irs#iftesolution allowing the open
circuit potential, Ecr, to settle to a constant value. Using a Bio-Lo§P-150
potentiostat, the current required to maintain \@egivoltage across the surface was
measured for a range of potentials from 0.5 mVWwdlg, to -0.5 mV with respect to the

reference electrode.

L electrolyte
RE CE

Sample

Fig. 3-2 This schematic shows the basic circuifrthe potentiodynamic testing set-
up.

3.2.4 Analysis of Potentiodynamic Findings
The overvoltagey, was plotted versus logarithmic current valuesi,lfor each
test. Using the Tafel fitting capabilities of tR#&C-Lab® software [10], the corrosion

current densityjcrr, Which represents corrosion rate, was approximatéd well, the
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anodic and cathodic Tafel slop¢k:andfc, respectively, were calculated. These slopes

describe the polarization behaviour as follows:

,7 = Ecorr +IBA Iog(i/icorr)’ ,7 > Ecorr
/7 = Ecorr _18(: Iog(i/icorr)! ,7 < Ecorr Eqn 3-1

Using the gathered values, Equation 2 was usedeterrdine the polarization

resistance [11,12].

n e BrBe
2.303,,, (B, + )

Eqgn. 3-2

The polarization resistance was taken as anothiterion with which to assess the
variation among fine and coarse microstructurevoth of the NaCl concentrations.
Other general observations such as the voltageni@hwon exchange is sustained at the
surface Ecorr, and the passivation behaviour were made.

3.2.5 Observation of Corroded Surface

Micrographs of each sample were taken after patdptiamic testing in NacCl
solution. Initially, images of the surface werengmted in the direction normal to the
surface. Subsequently, the samples were sectianédorepared to yield micrographs
showing sub-surface behaviour.

3.3 RESULTS AND DISCUSSION
3.3.1 Microstructure

Microstructural constituents of the casting congdnelsewhere [8] include: the
proeutecticx-Mg matrix; Al4Sr and eutectie-Mg at the interdentritic regions; and large
Al-Mn intermetallic particles. These are labelesl‘a’, ‘B’, and ‘C’, respectively in
Figure 3-3. The large Al-Mn particle size in Figl8& suggests that the observed Al-Mn

particles are too large to interact with dislocasiat elevated temperatures unless some
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smaller Al-Mn particles are still present withirethrystals. However, the advantages of
continuous Mg7Al 1, precipitation may maintain the elevated tempeeaparformance of
the PM cast alloy. Further research to that emdaemmended.

With respect to the microstructure variation betwdhe 4 mm and 20 mm
sections, the thermodynamic effect of varied sectibicknesses during the casting
process is primarily noticed in dendritic cell sizéThe micrographs of Figure 3-4
highlight the variation in coarseness of the mitwadure between the two casting
thicknesses studied. Secondary dendrite arm spd8DAS) in the 4 mm and 20 mm
sections has been estimated as pti0and ~24um, respectively. Microstructure of an

alloy can affect its corrosion resistance in twg/sva

Fig. 3-3 The PM AJ62 alloy’s microstructure inclsd@rimarya-Mg grains (A);
Eutectic Al4Sr and: (B); and Al-Mn intermetallics (C) [8].

First, multiple phases can lead to the generatioa micro-galvanic cell. The
most electronegative, anode, phase will move iotot®n as ions while other phases act
as cathode sites to complete the cell. This cdritap been well demonstrated in AZ91
and other magnesium alloys [13-16]. In the casmafnesium alloys, it is apparent that

thea phases are dissolved preferentially due to thetreleegativity of pure magnesium.
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Therefore, the ratio of constituents is importafithe percent area of the intermetallic
phases present in the representative microstrisctaireigure 3-4, are given in Figure 3-5.
Since the material is largely made up of éhghase, cathodic sites often limit the number
of microgalvanic cells [13]. Thus, a lower percarda of AiISr and other intermetallics
is desirable in one respect. This theory wouldyesgusing the microstructure of the 20
mm section to combat micro-galvanic corrosion asintermetallic area is reduced by
over 50 %. This is especially true since the loragmling time of the thicker section not
only produces the low percent area of intermetaliat also means greater solubility of

Al in the matrix. This will yield a smaller diffence in electronegativity and, as a result,

a slightly lessened driving force for the galvaraactions.

Fig. 3-4 AJ62 grain size and intermetallic disttibn are largely dependant on
section thickness as is evident in the microgrdphthe (a) 4 mm and (b)
20 mm sections.
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Fig. 3-5 This graphic representation shows a sicamit difference in percent area
intermetallic between the 4 mm and 20 mm sectiamktlesses.

Another factor is continuity of the intermetallic€ontinuous intermetallic phases
can form a barrier to further corrosion when éhgrains have been mined away [14,15].
This theory of microstructural corrosion inhibiti@rgues convincingly that a greater
percentage of secondary phases would be prefdre@iaserving Figure 3-4 shows that
good intermetallic phase continuity characterides finer structure but not the coarse.
This leads to counteracting microstructural consitiens with respect to corrosion.
3.3.2 Potentiodynamic Polarization

Potentiodynamic testing results yielded the po#ditn curves shown in Figures
3-6 and 3-7 for the 0.5 % and 1.0 % NaCl solutiorespectively. From initial
observation, variations in the current density.at, as well as the anodic and cathodic
Tafel slopes cannot be seen clearly. Open cimoitosion potentials, which give an
indication of the alloy’'s galvanic behaviour, araried significantly in the more dilute
solution. The EC-Lab® software [10] aided Tafdtifig values and the polarization

resistance as calculated by Equation 3.2 are suiseadan Table IlI-II.
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Fig. 3-6 Potentiodynamic polarization of the AJ6@nostructures in a 0.5% NaCl
solution yields this plot of potential versus cutrdensity.

The lowE of the alloy is more negative for the coarser ostiucture as was
observed in both electrolytes and is more notieeabl the weaker solution. This
indicates that for the case of galvanic corrosithe AJ62 alloy will behave more
severely as an anode if its microstructure is @aisarge variations observed in Table
[1I-11 were that of the corrosion current densitpbserving these values, it is clear that
the effect of a coarser microstructure is to insee¢he corrosion current, which is a
representation of the open circuit corrosion rathis is most likely caused by the greater
area of the more electrochemically activgphase present in the coarse microstructure.
Divergence of the corrosion current appears to rapamy a decrease in NaCl
concentration. The polarisation resistance is tofwe the coarser microstructure as a
result of its inverse proportionality to corrosiaurrent. Variation in calculated
resistance is more appreciable in the weaker soluti Values presented for the
polarization resistance rely on the valygsandfc, which are difficult to determine with

high precision due to the lack of observable linegions on the polarization curves. As
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well, it should also be noted that as corrosiontiooes, products deposited on the
surface would affect the potentiodynamic respordmsumented in the present work.
That is to say corrosion may become more or legseagive as a result of prolonged
exposure. Therefore, the resistance values givenis work should be regarded for the
general trend they show but not as an indicatiopesformance as would be seen in an
immersion corrosion test. Further testing, suchmass loss or salt spray testing, is
recommended to better understand the performaniteeé microstructures.

Hanet alia [12] recorded nearly no difference in the behawmitthe HPDC AJ62
skin and interior microstructures in a severe 3.B&&I solution but a small noticeable
change when engine coolant was used. The presehktosofirms that such findings are
partially a result of the chloride concentratiolWhen elevated, the chlorides promote

such aggressive attack that the influence of mimogire becomes inconsequential.
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Fig. 3-7 Potentiodynamic polarization of the AJ6@nmmstructures in a 1.0 % NacCl
solution yields this plot of potential versus cutrdensity.

Also of interest, and not yet discussed, is thesigaion behaviour of the alloy.

In Figure 3-6, the response to anodic polarizasioows a region of unstable passivity for
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both microstructures. The inability to develop tabe passive film in the solutions
considered here is due to the pH. Many researdwmrserned with the corrosion of Mg
and its alloys have determined that passivity @séhmaterials is only stable in very
alkaline solutions that are uncommon in most opgaga¢nvironments [11, 16]. It has

been noted [16], that a coarser Mg microstructditencshows less propensity for passive
film formation and that this effect is magnifiedtiiincreased chloride concentration.
The plot in Figure 3-7 would support a similar pipie for the AJ62 alloy as the coarser
microstructure is much more susceptible to breakd@# passivity. So while the

microstructural influence on corrosion rate andstaace of AJ62 is reduced by the

presence of chlorides, the influence on passivdigraviour is accentuated.

Table IlI-1l  Summary of polarization curve charatdécs and calculated polarisation
resistance
ﬂA ﬁC I corr Ecorr R
(V) (V) (WA/cm2) (V) (kQecm?2)

0.5 % NaCl | 4mm Sample 0.067 0.046 2.254 1.498 5.23
20mm Sample| 0.066 0.045 3.311 1.516 3.51

1.0 % NaCl| 4mm Sample 0.065 0.040 1.342 1.47p 8.01
20mm Sample 0.065 0.039 1.463 1.480 7.2

=

3.3.3 Corroded Surface

The corroded areas of the surface displayed andistiiscolouration after
potentiodynamic testing. This is most likely doedeposits of corrosion products on the
surface. For this alloy, such a deposit would fyaimclude Mg and O with traces of Al,
C, and Cl as discovered by Han [12]. Authors anttipic of Mg corrosion suggest that a
passive film would be made up largely of the hyallexMg(OH) and the oxide MgO is
another compound likely to deposit on the surfagergthe right conditions [16]. The

presence of these elements on the corroded surfatiesrefore expected. Nonetheless,
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the discolourations observed give some indicatibthe corrosion morphology. Figure
3-8 shows the morphology of the finer microstruetuvhich indicated two preferential
corrosion morphologies.

In Figure 3-8 (a), the corrosion pattern tendsoltodv the striations generated in
preparing the uncorroded surface. The microstradiuat can be seen does not seem to
strongly influence the corrosion morphology. Temzefor the corrosion to follow the
striations from abrasive papers has been obsernvether materials as well. Wi alia
[17] observed that abraded surfaces leant to maoiérm corrosion patterns not
congruent with specimen microstructure in alumin@@5. Since the anodic process of
metal dissolution can be described by thermodynacoiesiderations [18], it is no
surprise that deformation energies [19], such aseghmparted by abrasion, would effect
the corrosion pattern. Wu found that a tendancyd&eper, localised pitting congruent
with surface microstructure was associated with atmolapped surfaces and thermal
processing [17]. However, Figure 3-8 (b) of thegent work shows the anticipated
microstructure-influenced corrosion pattern at haptocation on the 4 mm sample. pH
of an electolyte has an effect on passive film kdea/n on a metal surface [16,19] and
could explain the variation in corrosion patterit is apparent that local pH of the
electrolyte, surface conditions, perhaps even déhie of the SDAS to surface roughness,
or a combination thereof have an effect on cormgibthe PM cast AJ62 alloy. It is,

however, beyond the scope of this study to chanaetsuch behaviour.
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Fig. 3-8 The 4 mm AJ62 sample surface corrodeda@INolution shows a
morphology influenced by: (a) surface preparateong (b) microstructure.

Figure 3-9 shows that for the coarser microstrgtits influence on the corrosion
morphology may be somewhat increased. Unlike theard sample, there were no
locations identified on the 20 mm sample that sujggocorrosion patterns congruent
with surface preparation. The contours of the @san pattern on the 20 mm sample
surface strongly suggest preferential dissolutibthe Mg richa phase. This would
substantiate the theories for intergranular miatv@nic or response due to

electrochemical dissimilarity.

Fig. 3-9 Corrosion morphology of the 20 mm sampées wfluenced more
dominantly by the microstructure as in this micieqar.
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To investigate this further, the 20 mm sample wasctisned and
metallographically polished to generate the opticelges shown in Figure 3-10. It can
be clearly seen from Figure 3-10 (a) that congiegadf corrosion products takes place
in the Mg richa locations. An intermetallic corrosion barrier asggested in the
referenced literature [14,15] is also apparent. Flgure 3-10 (b), the less anodic
intermetallic material can be seen within the deptamellar structure still intact. This
would indicate that the intercellular material hast moved. These micrographs of
corrosion product formation foreshadow tle phase dissolution and intermetallic

spalling most likely to characterise more advano&dosion of the AJ62 alloy.
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Fig. 3-10  Micrographs of the corroded sample frog20 mm section show oxide
formation ina rich locations.

3.4 CONCLUSIONS

. Variations in microstructure of the PM AJ62 alldye to casting section thickness
are evident. These include: SDAS, intermetalliaitcwity, and intermetallic
distribution.

. The 4 mm section’s finer microstructure had gootkérmetallic continuity for
providing a barrier to corrosion. Reduction inhzatic sites on the order of 50%

could limit the micro-galvanic effect of the 20 ns®&ction.
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Results generated with the use of weaker NaGitispls support existing theories
that suggest a finer microstructure is more delgrédresist corrosion. However,
little variation in the microstructure’s response golarization can be observed.
This variation also becomes significantly smalleithwincreased chloride
concentration.

Unstable passivation response to anodic polavizateteriorates significantly with
increased chloride concentration for the coarserostructure.

A buildup of corrosion products on the testedae is visible with an unaided eye.
These deposits most likely consist of Mg and O levtriaces of other elements are
possible.

The corrosion morphology shows preferential csion ofa grains when viewing
normal to the surface. This is more evident f@r ¢barser microstructure since the
finer microstructure corroded via a surface prefi@nanfluenced pattern.
Replacement a# cells with corrosion product deposits can be olesgbelow the
corroded surface and suggests preferential dissnland boundary spalling as the
likely mechanisms of mass loss.

The recommendations that have been made arevidoge a better understanding
of the PM cast AJ62 elevated temperature mechaper&brmance, and an account
of PM cast AJ62 corrosion behaviour using expertaion such as mass loss due

to immersion corrosion.
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CHAPTER 4

MICROSTRUCTURE INFLUENCE ON THE CORROSION OF
PERMANENT MOULD CAST MAGNESIUM ALLOY AJ62 IN
ENGINE COOLANT

4.1 INTRODUCTION

Magnesium alloy AJ62 has recently been developednaadvantageous option
among structural automotive powertrain materialdis alloy is characterised not only
by a high strength-to-weight ratio synonymous witlagnesium alloys but also by a
relative mechanical integrity at elevated tempeestu[l-3]. Its high temperature
performance has led engineers to suggest exptoitaii this alloy as an engine block
material.

Numerous studies have been made on high-pressymsi (HPDC) and squeeze
cast AJ62 specimens or components. The alloy'scastability has been well noted
among other die-casting magnesium alloys [4]. Tas led to investigations on the
alloy’s ability to be cast by the gravity fed pemeat mould process. Early success with
this seemingly more primitive method has been destnated [5].

Constituents of the microstructure reflect thosgahe HPDC and squeeze cast
alloy lending to the assumption that permanent chaalsting the alloy will not greatly
affect its high temperature performance [1-3,5]. heTpermanent mould cast
microstructure is shown in Figure 4-1 where loqaid\, B, and C are the magnesium
rich matrix, the eutectic intermetallic containiA,Sr, and intermetallic Al-Mn particles,

respectively [5].

" Contents of this chapter have been reprinted pétimission from SAE Paper No. 2010-01-0412, © 2010
SAE International. See Appendix B for copyrightails.
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One concern still remains, however, and that ismaagim alloys’ susceptibility
to corrosion. As magnesium is the most anodic bfratals [6], its alloys suffer sever
corrosive attack in most environments. Ceramicdinga have been suggested as the
optimal combatant to magnesium alloy corrosiorelevant literature [6-8]. Detrimental
levels of corrosion have been observed for surfagpesed to salt solutions. Therefore,
surfaces exposed to salty road conditions wouksllikequire such coatings. Conversely,
on the interior of an engine block, corrosion i4 assumed to be as severe because
modern engine coolants will not behave well as laotelyte. Corrosion inhibitors are
used to block ion movement from metal surfacessaayg the progression of corrosion [9].
The main objective of the present study was tonsifieally understand the corrosion

behaviour of permanent mould cast AJ62 immersesh@ine coolant.

Fig. 4-1 Microstructure of the permanent mould @e¥2 alloy [5].

Adding complexity to the problem of AJ62 corrosionengine coolant is the
significant effect of alloy microstructure on cosion behaviour. After potentiodynamic
testing, it was documented by Hetralia [10] that corrosion potential of the HPDC alloy

varies based on microstructure coarseness. Thssespecially true for tests where
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engine coolant was the electrolytic medium. Previstudy of AJ62 corrosion in NaCl
solutions suggests that this is primarily due te thicrogalvanic effect dictated by the
anode to cathode ratio observable in electrolytiéls lww chloride concentrations [11].
The second objective of the current study was sepke this phenomenon for permanent
mould cast AJ62 and relate the corrosion of imntesgEcimens to the potentiodynamic
variation.

4.2 IMMERSION TESTING

4.2.1 Preparation of Specimens

Specimens were prepared for both immersion comosiod potentiodynamic
testing. All of the specimens were taken from dengtep-castings as the variation in
casting thickness leads to variations in cell $&&1]. Length and width of each step
were 150 mm and 50 mm, respectively. The cashimfhesses of the step-castings were
4 mm, 6 mm, 10 mm, and 20 mm yielding geometrylsintd that shown in the diagram
of Figure 4-2. Magnesium AJ62 with a melt tempamatof 690 °C was poured into steel
mould preheated to a temperature of approximat@y L [12]. To avoid burning or
excessive oxidation, protective gas was used dubioip the melt and pour (sulfur
hexafluoride SE0.5% + carbon dioxide Cp[12].

Prior to testing, one coupon was extracted front@di¢he casting thicknesses for
microscopy. These coupons were then compressiamted in diallyl phthalate. The
mounted coupons were subsequently polished usarglatd metallographic procedures
first with increasingly finer abrasive papers ahdr using polishing wheels and alumina
abrasives. Final particle size used for polishwas 0.05um. Having been sufficiently

polished, the microstructures were examined viarsiog electron microscopy (SEM).
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The purpose for this was to note the variation ircrastructure, particularly the
secondary dendrite arm spacing (SDAS) and therefjenstand its effect on the

corrosion test results.

Fig. 4-2 Step-casting shape [5].

Test specimens for the immersion test were takem fiocations central to the
casting steps. Four small specimens for eachrbi¥ totalling sixteen specimens in all,
were prepared. The specimens were approximateiprhdn both width and length and
their heights were slightly less than their respectasting thicknesses. All surfaces
were polished with 320 grit abrasive papers to évwbe entrapment of Hand other
gasses on the surface as the submerged specimensamoded. The final dimensions
and mass of each specimen was measured and redordée calculation of mass loss
after the test.

4.2.2 Immersion Test Procedure

Specimens were submerged in Prestone® engine ¢dotanded for all makes
and models, which is claimed to satisfy ASTM D320@&l D4985 [13,14]. This engine
coolant, chosen for its wide range of applicability the industry, was used as an
analogue to the “typical” commercially availableotamt compatible with most common

automotive metals. Specimens were submerged iarge Ivolume of coolant, 2 L
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specifically, to avoid significant pH increase atwgation of reaction products due to the
corrosion process. Such phenomena may have osee@afiected the corrosiveness of
the engine coolant. While local coolant volumeghimi automotive engine block
geometries may not be sufficiently large to congdletavoid these phenomena,
movement of the engine coolant during regular dpmravould.

ASTM standard G3172 suggests a better replicatiammersion corrosion than
those that reintroduce specimens after being cteand weighed, as the latter is not an
accurate analogue to the corrosion process [15heréfore, one specimen of each
thickness was left in the coolant for each of the,13, and 4 week durations. These
durations were chosen as they might show existiranges in the corrosion rate well
after initial submersion. After being removed frdhe coolant, the specimens were
wiped to cease the progress of corrosion and remaayecorrosion products from the
surface. Some immersion corrosion studies empl®mical specimen cleaning [15].
Due to the electrochemical sensitivity of magnesiitoys and the limited severity of
corrosion in engine coolant, the use of such mbasseen avoided here. Thickness and
distribution of the surface deposits, noted in iegt section, did not require the use of
chemicals for removal. Once cleaned, the specimemme weighed and their mass was
recorded for calculations.

Calculation of mass loshL, for each specimen was achieved via Equation g-1 a

follows:

ML = (Mo = m)/A Eqn. 4-1
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Heremy is the initial mass of the specimen in gramss the mass after corrosion,
and A is the surface area of the specimen given by Emuat-2 using the initial
dimensionsd;, dz, andds.

A=2d,d, +2d,d, +2d,d, Eqn. 4-2

Corrosion rates in units of g/nffgear were approximated in terms of mass loss

for the four intervals by Equation 4-3 below.
rate = (ML, - ML,,,)(52) Eqgn. 4-3

The term,i, in Equation 4-3 is the number of weeks the spenim@moved at the
beginning of the interval had been submerged. dbfse, for the first intervakFQ and
MLo=0.

4.2.3 Immersion Test Results

In addition to the calculated results mentionedhe procedures above, some
general observation of the corrosion process toldcep These observations are
presented here before discussion of the other hjiadhe results.

4.2.3.1 General Observations

At initial exposure to the engine coolant corrosioredium, reactions were
obviously taking place. This was suggested byréiatively aggressive generation of
bubbles during the first few days compared with test of the experiment. Visible
hydrogen evolution is often associated with theasion of magnesium and its alloys [8].
In water, corrosion of magnesium and its alloyscpemls according to three partial
reactions. The anodic reaction includes the digswl of magnesium cations, the

cathodic reaction involves the evolution of hydnoggas, and a third reaction forms
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magnesium hydroxide from products of the aboveti@as The overall reaction can
therefore be written as:
Mg +2H,0=Mg(OH ), +H, Rxn. 4-1

For this reason, researchers have been able tthaseolume of hydrogen gas
evolved to determine mass lost in known solutiahig].[ Corrosion in engine coolant
involves many more chemical constituents and tloegefeactions. In fact, the exact
composition of the engine coolant remains undisddsy the manufacturer. Collection
and measurement of evolved gasses is futile witmoabmplete understanding of the
governing equations. Most coolants are made ularge part by ethylene glycol and
water while a small concentration of chemical irtioits are also present [18]. Therefore
the evolved gas is most likely hydrogen, a prodoicthe aforementioned cathodic
reaction, although it cannot be quantifiably refate magnesium ion movement in this
case.

At most naturally occurring environmental potergjahagnesium is a passivating
metal though its passive layer can only be staalliat high pH [8]. However, elevation
of pH by the Mg(OH) corrosion product in the volume of coolant usedilddhave taken
a significant amount of time and is unlikely. Areactions required in stabilizing this, or
some other, surface film using inhibitors would uieg alternate chemical reactions.
Because this too would take some time, it is assluthat during the initial stages of
corrosion a passive layer is not yet stable onettgosed magnesium matrix and rapid
corrosion of the bare metal is expected. This m@x{plain the surge of gas evolution

that directly followed the submersion of the spesms
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Another general observation was a dark pigmentaifahe metal surface within
the first few days. This surface condition was adubstantial build-up of any product
on the surface, as seen during corrosion of th alléy in NaCl solutions [10,11], since
the striations of the prepared surface were stiflible by eye. Cause of this
discolouration is likely related to the chemicahilmitors promoting or creating a minute
protective film to stop ion movement. Upon furthevestigation, it was noted that the
dark pigmentation was restricted to the magnesigi locations of the microstructure.
In Figure 4-3, shapes on the surface that are appar unsusceptible to the
discolouration may be congruent with intermetallienstituents although the surface
preparation does not allow conclusive identificatod the microstructure.

Lastly, a highly localised build-up of corrosionogucts was noticed on most
specimens but only in a few locations. The comogiroducts were not identified as they
were easily wiped away for the measurement of makxlerneath the build-up, the bare
metal had the colour and luster of its preparethfort is expected that the corrosion
products were similar to those found on the allograded in salt solution although any
additive or impurity in the coolant could contributo the composition of the buildup.
The presence of such deposits would accompany @rglided corrosion due to the
inhomogeneous nature of the alloy. As an exangrlejnseen porosity or surface defect
could induce corrosion processes associated witll stectrolyte volumes. This would
create a local surface different from the bulk scef and thereby some microgalvanic
effect [8]. Suppression of these micro-galvanie@ts by the coolant’s inhibitors after
prolonged exposure is probable as evidence ofikathtorrosion was most prominent on

the specimens subjected to shorter immersion dunsti Such localised phenomena do
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not characterise the general corrosion of the magnealloy AJ62 but may be a result of
the permanent mould process. The image in FigtBesdows the discolouration of the

corroded AJ62 surface, as mentioned previously,peaoed with a location on the surface

that was covered by corrosion products.

Fig. 4-3 Discoloured surface as compared with tlog &elow a localised corrosion
site.

4.2.3.2 Corrosion Rate Due to Microstructure

It has been noted elsewhere [5], that the secondiamgdrite arm spacing of the
4mm section is double that of the 20 mm thick s&xsti This is clearly seen in the SEM
micrographs of Figure 4-4 as initial observatioggests a SDAS of ~20m for the 4
mm section and ~4@m for the 20 mm section. As shown by potentiodyicam
investigation in previous works [11], variation obrrosion rate is most evident in
electrolytic media with low chloride concentration3his phenomenon was replicated
here by the immersion test results. As Figure gebts out, the mass loss not only
increases with duration as expected but also iseseavith microstructure coarseness.

Figure 4-6 highlights the variation in corrosioneravith duration and section thickness.
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While individual trends for each thickness are ajgparent, it can be seen that the initial
corrosion rate is much higher than the corroside abserved for subsequent weeks.
These results quantify the corrosion indicated lggressive hydrogen evolution

occurring just after submersion as well as its éeag to subside. This is especially true

for the thicker sections with coarser microstruetur

Fig. 4-4 Microstructure of (a) the 4mm section @odthe 20mm section [5].
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Fig. 4-5 Mass loss as a function of thicknesstierfour durations with error
accounting for instrumentation.

Variation in mass loss and corrosion rate by weékhe thinner sections,
particularly the 4 mm and 6 mm specimens, appeabg imore linear overall than that of
the thicker sections. While this is an interestoigservation, it could be a false trend

generated by the precision of the instrumentatisaduas it relates to the specimens’
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overall size. This error in mass measurement le&s Ishown in the figures and also
accounts for the lack of any mass loss being inelicéor the smallest specimen at the
shortest, 1 week, duration. The undesirable etiadhe reported result for that specimen
would be due to its larger error coupled with iperior corrosion resistance. To make
conclusive statements regarding these trends wifltient confidence and gather a more
accurate representation of the mass loss for smadecimens, the testing of multiple
samples for each datum is recommended in futurererpntation. Nonetheless, it is
important to note that the corrosion rate decreaststime, but never ceases, for the
durations of exposure examined here. Also, theselts are in agreement with previous
studies [10,11,17] claiming that finer microstruets exhibit better corrosion resistance

than their coarser counterparts.
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Fig. 4-6 Corrosion rate as a function of time (wsekr different section thicknesses

of the cast AJ62.

4.3 POTENTIODYNAMIC TESTING
4.3.1 Preparation of Specimens
Similar to the specimens for immersion corrosiostitg, potentiodynamic

specimens were taken from locations central tocdsing steps. Two specimens were
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prepared: one from the 4 mm thickness and one fileen20 mm thickness. The
specimens were approximately 20 mm in width, 30 mhength, 4 mm in height for the
fine microstructure specimen and 8 mm for the aangcrostructure specimen. One of
the two large flat surfaces was polished with gedigufiner abrasive papers up to 600
grit. Metallographic preparation of these speciserth finer abrasive papers than those
used for immersion testing was conducted becausklé&siare much more detrimental to
the accuracy of potentiodynamic testing.
4.3.2 Potentiodynamic Test Procedure

The each specimen, one 4 mm and one 20 mm, wastetbum the testing
apparatus individually. The apparatus exposedtlgx8c7854 cm of the specimen’s
prepared surface to the electrolytic medium. Bres® engine coolant, as in the
immersion tests, was used as an electrolyte. Teatye and pH of the coolant was not
measured or monitored but initial conditions priorboth potentiodynamic tests were
constant. The apparatus allowed a maximum elgtér@olume of 300 mL, the entirety
of which was exploited for the potentiodynamic itggtto limit excessive pH variation.
A counter electrode (CE) was placed in the coati@neictly above the specimen’s surface
while a reference electrode (RE) was placed in dbelant away from the counter

electrode. This arrangement created the circagrghown in Figure 4-7.

i Coolant

RE CE

I Sample

Fig. 4-7 Conceptual schematic of electrical cistior potentiodynamic testing.
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Using a Bio-Logic potentiostat, the potential asrdBe surface was increased
continuously from 0.5 V below the open circuit pdtal to —0.5 V with respect to the
reference electrode at a rate of 1 mV/s. Result®wsed to determine the anodic and
cathodic Tafel slopessf{ and/fc, respectively). Obtaining these in a consisteahmer
for both tests allows calculation of corrosion mtiel and current Eqor and icorr,
respectively) for both microstructures that caredadte compared although the certain
Tafel slope values are not easily discernable. dddhis EC-Lab® software [16] was
used to analyze the polarization curves.

4.3.3 Potentiodynamic Test Results

The polarization curves for the AJ62 microstrucsusge given in Figure 4-8.
These show a similar pattern to results obtainedhfprevious studies [10]. Cathodic
polarization is characterised by unstable passimaithough the passive film breakdown
occurs at much higher potentials than it does inCINaolutions [10,11]. This
improvement in passivation behaviour beyond thaeoled in other media is likely due
to a compounding effect. Not only does the cootamttain inhibitors that hinder Mg
ion dissolution but also the volume restrictiongltd potentiodynamic testing apparatus
mentioned earlier may cause an increase in pH.s iflurease would cause higher pH
during the final portion of testing when passivatizehaviour is being recorded. Since
electrolytes of high pH stabilise passive films,[8)e behaviour induced by chemical
inhibitors is thereby promoted. It should be notieat the region of passivation on the
curves in Figure 4-8 is greater for the thickertiogssection than that for the thinner
section, which is most likely a result of greatermagnesium surface area where

passivation will occur. Another characteristictiee apparent variation in corrosion
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potential. This suggests that the effects of gatvaorrosion in practical application will
be significantly more severe because its drivingdas related to the difference between
the corrosion potential, observed in Figure 4-8 @rat of any cathodic metal present [9].
Since the coarser microstructure displays a mooéiarcorrosion potential and it is most
likely that other metals present in a galvanic tieacwill have a higher potential [8], the

finer microstructure is much more desirable.
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Fig. 4-8 Polarization curves for the permanent maalst microstructures in engine
coolant.

Most important for this study, in relating the paiedynamic findings to the
immersion test results, is the corrosion currenictvinepresents the rate of ion exchange.
Table IV-I highlights this and other outputs of tR€-Lab Tafel fitting. The Tafel slopes
are often used to characterise polarization cuf9ekl]. Unfortunately the AJ62 alloy
studied in the present work does not demonstrateaticeable range of linear behaviour.
This limits the accuracy of the slope values, asesqudgment is required in analyzing
the curves. However, the slopes are requiredltulede an accurate value for corrosion
current. For this reason, the Tafel slopes wereigged using similar locations for both

curves. The slope values have been recorded torgdrate their similarity and that a
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consistent means of determining the corrosion atirh@as been employed. Corrosion
current is conclusively higher for the thicker @agtsection although the difference is
very small. In fact, the difference is uncleardiyply observing the polarization curves
in Figure 4-8. This confirms the immersion tesulés although the rates do not easily
relate mathematically. Corrosion rate predictedh®ypolarization curves varies by 7 %
between the thin and thick sections with respecthéothinner specimen. Meanwhile, the
corrosion rate for the first week of immersion sleova more marginal variation between
the 4 mm and 20 mm specimens. In fact, corrosfdheo4 mm specimen was unnoticed
during the first week of immersion as was discussadier. This difference signifies a

change in the kinetics of corrosion during thetfinseek and that change has varied
effects on different microstructures. Its assoemtwith the marked decrease in

hydrogen evolution and the change in surface cheniatics is likely.

Table IV-I Characteristic values for the polaripaticurves in Figure 4-8

SpeClmen Icorr (mAlcmZ) Ecorr (V) ﬂA ﬂc
4 mm 0.199 -1.329 56.7 37.2
20 mm 0.213 -1.409 76.7 36.1

4.4 CONCLUSIONS

Permanent mould cast thickness for the AJ62 magmealloy has been shown to
have a significant effect on the alloy microstruetu This is especially true for the
microstructural coarseness and intermetallic cartyn This study has shown that the
corrosion of permanent mould cast AJ62 in engingacd intensifies with increases in
casting thickness. Also, while the corrosion of @illoy does continue with prolonged
exposure to engine coolant, the initial corrosiamirty the first week is responsible for

the majority of the mass loss. This is particyldrle for the thicker casting sections.
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Initial corrosion may proceed according to readitmt govern the corrosion of the alloy
in water as most engine coolants contain notableuats of water. Hydrogen evolution
and corrosion product deposits can be seen forriadp®llowing submersion into the
coolant suggesting that this may be the case. r Aliie period but prior to one week of
exposure, all specimen surfaces had developedkaaggearance. In combination with
the reduction in hydrogen evolution this suggesésstabilization of a passive film most
likely attributed to or accelerated by chemicalilnfors in the coolant. Polarization
testing of the extreme thicknesses indicated thabsion behaviour of the alloy varies
significantly with microstructure in the coolantHowever it may not relate to the
corrosion properties exhibited after passive fitabgdization on the magnesium rich cells.
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CHAPTER 5

CORROSION PERFORMANCE OF PERMANENT MOULD CAST
MAGNESIUM ALLOY AJ62 IN AUTOMOTIVE ENVIRONMENTS

5.1 INTRODUCTION

Within the field of lightweight alloys, those based the metal magnesium are
among the most desirable for future automotive iappbn. Benefiting from the low
density of magnesium, these alloys exhibit the tgtastrength-to-weight ratio of any
engineering metals [1]. Future products of thedpmrtation industries are expected to
consume less fuel while maintaining or exceedirgiytburrent level of performance. By
lowering the weight of a vehicle, its energy, ahdreby fuel, requirements, are lessened.
This reduced fuel requirement highlights the imance of strength-to-weight ratio as a
criterion for material selection. Development cAgnesium alloys has primarily been
focused on improvement of mechanical performanadeatated temperatures [2-8]. One
alloy that has been successful in this regardasntagnesium-aluminum-strontium alloy
AJ62. Its unique microstructure includes anSAl intermtallic at the interdendritic
regions rather than the Mgl 1> common to other magnesium-aluminum alloys. Ireoth
respects, the microstructure of the AJ62 alloy médes the common magnesium-
aluminum-manganese alloys such as AM50 and AMG60eceRt publications [2-5]
indicating the creep resisting mechanisms of thisrestructure tout the elevated
temperature superiority of this alloy among othegmesium alloys.

The majority of magnesium alloy applications arghRpressure die-cast (HPDC)
components. The HPDC process prohibits many dedigat include heat-treating [9]
and thicker cast sections due to the formation skia layer and subsurface defect band

[10-12]. Moderate castability has characterisesl AJ62 alloy in HPDC experiments
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leading to investigation of alternate processinermanent mould (PM) casting, a
gravity-fed process offers thick casting sectiomgeptially suitable for heat-treated
components. While unable to offer the economiesazfle achievable through high
volume HPDC production, the PM process would yigldreater range of applicability
available at a lower overhead cost. Integral tapéidg an alloy to a new process is the
characterization of its performance in a numbepaiéntial environments. Susceptibility
of magnesium to corrosion is a cause for concermany operating environments [13-
17]. Thus the observed response of permanent moagt AJ62 microstructures to
corrosion is of particular interest to the autowetindustry. The current research
documents and compares the corrosion of AJ62 inredia common to automotive
environments, engine coolant and salt solution. Tgoal is to build a more
comprehensive understanding of the alloy.
5.2 EXPERIMENTAL METHODS

Step castings, as in Figure 5-1 taken from refexel® were produced via the
permanent mould casting process in a steel molitee composition of the AJ62 castings
was that indicated in Table V-I. Four thicknesaese cast in all: 4 mm, 6 mm, 10 mm,
and 20 mm. Of these, the two extreme thicknessed axm and 20 mm were
subsequently sectioned taking a rectangular codpmn the centre of each. These
samples were polished with abrasive papers up@og@@ This polishing operation was
done to avoid trapping bubbles of evolved hydrogas on the surface and to expose the

microstructure to the electrolytic medium.
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Fig. 5-1 AJ62 permanent mould step casting [13,14].

Table V-  Composition of AJ62 alloy

Alloy Al Sr Mn Si Zn Others

AJ62 6.00 2.82 0.28 0.02 <0.01 <0.002

Once prepared, the samples were assembled into @raratus for
potentiodynamic testing and subjected to polagsatests one at a time with the first
medium: a 0.5 % sodium chloride solution. Thisgiohg and testing was repeated twice
for each sample to observe the response to otketr@lytes: a 1.0 % sodium chloride
solution and a commercial engine coolant. The amdolised was Prestone® antifreeze
engine coolant suited for use in any make or maael to be mixed with any other
coolant. This product was chosen to representaheamercially available generic engine
coolants. The potentiodynamic testing apparatutuded a Bio-Logic potentiostat
connected to the sample, or working electrode (VRg, two other electrodes suspended
in the electrolyte: a counter electrode (CE) pladedctly above the sample surface, and
a reference electrode (RE) located elsewhere ieldatrolyte. A schematic of the set-up
has been given in Figure 5-2 [13]. Before begigreach test, the open circuit potential

(Ecorr) Was allowed to converge on a single value. Hs¢ was executed recording the
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current densityif required to required to sustain a potential di®pranging from 0.5 V

below the Eorto —0.5 V with respect to the RE.

L electrolyte
RE CE

Sample

Fig. 5-2 Schematic of potentiodynamic test setdgj.[

Such experimentation has already been completeddandmented elsewhere
[13,14] but a comparison of the variation in comosresponse to the different media has
yet to be made. In the present work, a generaénstahding and explanation for the
varied responses has been developed after pregén¢ifindings of the previous works.
5.3 RESULTS AND DISCUSSION
5.3.1 Microstructural Analysis

Microstructure of the permanent mould cast allogiudes magnesium rich
matrix and the AJSr intermetallic in between the dendrite arms wintracellular
aluminum-manganese particles [15,18]. This genera@rostructure as observed by
scanning electron microscopy (SEM) in back-scattekectron (BSE) mode in the 20
mm thick section is presented in Figure 5-3. Thaley constituents have been
confirmed by energy dispersive x-ray spectroscdpys) in previous work [18]. The
differences in microstructure presented by the 4 amch 20 mm sections include greater
secondary dendrite arm spacing (SDAS), less comtimintermetallic material, and less
area percent intermetallic material exhibited ie 20 mm section [13,14,18]. This

variation can be observed comparing the micrograpisgure 5-4. Whereas subsurface
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intermetallic continuity has influence during immi@n testing [17], the intermetallic
continuity, SDAS, and the area percent intermetalhi the corroding surface are of great
consequence in potentiodynamic polarisation testiryyl4]. A visual comparison of

these values for the two section thicknesses canduake from the graph in Figure 5-5.

Fig. 5-3 SEM micrograph in BSE mode showing miatesture of the 20 mm
section: A, matrix; B, interdendritic eutectic; aBdAl-Mn intermetallic
[18].

Fig. 5-4 SEM image in BSE mode of the (A) 4 mm @p20mm section [18].

79



LR
25 - T
+ 10
20 L
©
n15 A g
g o
Z p
10 14 o
<
S
5 —A— SDAS )
- I - Intermetallic Area
0 0
4 6 10 20

Thickness (mm)

Fig. 5-5 Graph of SDAS and area percent intermetall
5.3.2 Response to Salt Solution

Using the 0.5 % and 1.0 % NaCl solutions as thetmllytic media for
potentiodynamic testing, the response to polaomatf the two microstructures was
observed as in Figure 5-6 and Figure 5-7, respagtivCritical values describing these
curves have been presented in Tables V-1l and VNlbteworthy was the dependence of
the current density for ion exchange at the opeouiti potential. Given a higher
concentration of chloride ions, the differencehe turrent density between the different
microstructures became less noticeable albeit emall scale [13]. This tendency is
most likely due to the aggressive rate of corrosionaqueous salt solution. In
increasingly detrimental environments, the smallcrostructural variations have a

lessened effect on the corrosion.
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Fig. 5-6 Potentiodynamic polarisation curves in@®NacCl [13].
Table V-II  Critical values pertaining to Figure 5-6
,BA ﬁC icorr Ecorr R
(V) (V) (uWA/cm?2) (V) (kQecm?2)
0.5 % NaCl| 4mm Sample 0.067 0.046 2.254 -1.498 5.2
20mm Sample 0.066 0.045 3.311 -1.516 3.5

=

The variation in the current density observed wkmmer chlorides are in the

electrolytic solution is due to the area percertermetallic.

In general, the area

comprised ofx matrix is the working surface from which the pogly charged ions are

preferred to flow. Therefore the thicker sectibaying a coarser microstructure and less

intermetallic area, has a greater working surfaea &han the thinner casting section for a

given area on the specimen surface. Higher cldotimhcentrations have the effect of

reducing the microstructure-influenced differenceurrent density [15]. This reduction

in variation of current is due to the chloridesswiution promoting movement of ions in

solution thus facilitating accelerated hydrogen/andxide production reactions.
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Fig. 5-7 Potentiodynamic polarisation curves in%®acCl [13].

Table V-III Critical values pertaining to Figure7s-

ﬁA ﬂC icorr Ecorr R
V) V) | (pACm’) | (V) | (kQecm)
1.0 % NaCl| 4mm Sample 0.065 0.040 1.342 -1.4742 8.01
20mm Sample 0.065 0.039 1.463 -1.480 7.21

Corrosion potential, &, of the two microstructures also became more amais
the percent NaCl of the solution was increasedthéncase of magnesium and its alloys
this value is often near —1.4 V [13-15] resultimgnfi its extreme anodic behaviour. For
the thicker casting section studied, its greatecqrg area yields a more electronegative
surface as this matrix has a significantly lowerrasion potential than the intermetallic
materials. In fact, the corrosion potentials ok th magnesium and MgAl12
intermetallic are —1.3 V and —0.9 V with respectthe standard hydrogen electrode in
NacCl solution [19], and clearly show an effect e 0.5 % NaCl solution. In the 1.0 %
NaCl solution, however, this effect is less notldea This too was attributed to the

severity of the corrosion process as hydrogen mtimlu and oxide deposits on the
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surface generated more rapidly in the strongertisolunay be masking the variation
between the fine and coarse microstructures.

Finally, the passivation behaviour of the microstiue was observed.
Magnesium is widely accepted as a well passivategal. It has been documented to
have significant corrosion resistance in air treatargely attributed to its passivating
behaviour [16]. Expelled magnesium cations,’Mgeact with hydroxyl anions, (OH)
remaining from the cathodic hydrogen evolution tigacto form magnesium hydroxide
Mg(OH), [16]. In aqueous solution, this passive layemafgnesium hydroxide is only
stable at high pH [16]. Most common environmewtsdpplication are not so basic and
in NaCl solution, chlorides promote the movementhef charged magnesium ions away
from the surface. Thus, it is no surprise that gassive regions existing on the
polarisation curves are observably small. Pagsivaaind the breakdown thereof, are
phenomena dependant upon a number of seeminglyntrottable variables, very local
pH being a good example, and are often charactebgea level of unpredictability. A
good demonstration of this is the near immediagakdown of passivation observed with
the 20 mm sample in the 1.0 % NacCl solution.

5.3.3 Response to Engine Coolant

The response of an alloy to engine coolant is aniare complex concept than the
response to NaCl solution. This complexity is anly because engine coolants contain
between 30 and 70 % ethylene glycol to avoid fregan cold climates, but because
many inhibitors are also present [20]. The chehadditions used, and number of them,
also vary from one coolant producer to anotherarednot information readily disclosed.

Polarisation curves generated by the aforementiomedhodology for AJ62 in a
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commercial engine coolant are presented in FiguBe S5Accompanying values that
characterise the curves are given in Table V-IMontuing with the theme proven in
research, using NaCl solutions that lower chlortncentrations accentuated the
differences between the varied microstructuresthiihbeee most easily noted characteristics
of the polarisation curve were examined: curremisdg, electrochemical potential,

passivation, and corrosion resistance.
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Fig. 5-8 Potentiodynamic polarisation curves inlaob[14].

Table V-IV Critical values pertaining to Figure S¥8m [14]

Specimen I corr Ecorr P Pc R
(mA/cm?) (V) (V) (V) | (kQecm?)

Amm 0.199 -1.329 56.7 37.2] 49.0

20mm 0.213 -1.409 76.7 36.1] 50.0

Current density for ion exchange atk representative of the physical corrosion
rate, is far lower than the values observed in Nsdllition. Anodic inhibitors in the
engine coolant are primarily responsible for treddwviour [21]. Blocking the movement
of ions from the surface [20,21], these chemicalitawhs clearly do their job. With a

lowered chloride concentration, the expectatiotoisee a large difference in the current
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density between the fine and coarse microstructurBlsis variation, however, is less
noticeable than that observed in the salt solutiatsch is counterintuitive. Again this
behaviour is due to the inhibitors present in thelant. Since the mechanism by which
they afford protection of the alloy is to stop amoldehaviour at the anodic surface, the
area of that surface becomes irrelevant if the eotmation of inhibitors is sufficient.
Therefore the variation in current density cannetaltributed as was previously to the
difference in percent areamagnesium.

Ecorr Values are changed very little in the engine atdds it appears in the same
range near —1.4 V [14]. What has changed is thiatian between th&.,, for the fine
and coarse microstructures. Inhibitors, as thesevdescribed above, stop flow of ions
but do not change the electrochemical potentidhefmetal they are protecting. In the
engine coolant, without the oxides forming as inexvar salt solution, the true effectof
area versus intermetallic area is clearly seenvirgaa surface heavily populated with
the anodic metal clearly influences tBg,, and this influence is not masked by severe
corrosion in the case of engine coolant.

Lastly, the relevant discussion must include thespation behaviour in the
engine coolant. As well as containing additionsstop ion migration away from the
surface, additions in engineered engine coolargscérarly used to promote passive
behaviour. This passivation can be seen abovEtheon the curves in Figure 5-9 where
the passive regions are appreciably larger thasetlseen using the NaCl solutions.
Characterizing these regions is a “jagged” appearaspecially noticeable well above
the Ecorr. This may be a result of a pitting corrosion mgge to the polarisation or non-

uniform development of the passive film that caadi¢o a transfer of anodic behaviour
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from one region to another. The latter hypothesisased on a potentially detrimental
effect similar to the micro-galvanic effect thatsheeen documented [16]. If local

variations in the passive film can induce a psemncro-galvanic effect, its effects are

likely seen in the response to polarisation as.w#&lihatever the cause of this passive
region characteristic, its mechanism most likelgrapes in a localised manner. Ignoring
the “jagged” appearance of the passive regiors itléar that the passivation is more
prominent in the thicker section with coarser mstrocture. Passivation occurs on the
active anode. Since the anodic area is largehmicbarser microstructure, passivation is
achievable on a greater area for the 20 mm caséaton.

5.4 CONCLUSIONS AND RECOMMENDATIONS

This industrially relevant work suggests the metgjical concepts that may have
an effect on the corrosion resistance of future RKM2 components. It has been clearly
presented that finer microstructures have a sigmii advantage over their coarser
counterparts in terms of corrosion. This advantagkides reduced current density for
ion exchange as well as less negative open cpoténtials.

For exposure to environments where the electrolyigcdlium is uncontrolled,e.,
external vehicular applications, developing a fimercrostructure via thin sections,
greater cooling rates, or some thermal treatmentidvbe beneficial. These efforts are,
however, undermined should the corrosive envirorinieciude a significant chloride
concentration. Therefore, the resources requiretbveloping a desirable microstructure
should be weighed against the achievable corrosgsistance. Other methods of
corrosion resistance might include coating techgielfor such applications. Depending

on the type of coating, microstructure of the stdtetmay influence the performance of
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the coating. Thus in most circumstances some gttéongenerate a fine microstructure
should be made for application in uncontrolled emvinents.

In a controlled environment where the corrosive inn@&dis a commercial engine
coolant, chloride concentrations are low but anomhhibitors make metallurgical
considerations unappreciable in terms of ion exgbhaourrent. So the other two
considerations are left: corrosion potential anthpoation. Achieving a fine structure
reduces the galvanic driving forces significantlyithw respect to the coarser
microstructure. If there is a cathodic surfaceéhi@ coolant that lends to severe galvanic
corrosion a finer microstructure becomes more dbgr Meanwhile, the coarser
microstructure passivating more easily with thephet the chemical additions in the
coolant is desirable as well. But, it should bmeenbered, though, that passivation could
lead to unexpected results in local, small, trapp@dmes of electrolyte. This liability
and the galvanic considerations ultimately leath® recommendation of some effort in
reducing SDAS for components exposed to coolanteds
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CHAPTER 6

INFLUENCE OF CORROSION ON MECHANICAL PROPERTIES
OF PERMANENT MOULD CAST AJ62

6.1 INTRODUCTION

In the transport industries, especially the auteoveosector, there are great
demands for both better fuel efficiency and lowmissions [1]. In an effort to meet such
demands, manufacturers are turning to new lighteatjoys. Magnesium is among the
most desirable base metals for modern alloys peatiy because of its low density of
1.74 g/cm3 [1,2]. Such a low density translatea togh strength-to-weight ratio, which
is a common criterion in component design [2]. dpply magnesium based alloys in
automobile design, a number of issues must be sslelle These include magnesium’s
poor elevated temperature mechanical performaraa, @orrosion resistance, and poor
wear characteristics that all plague its alloy8{14]. One alloy, AJ62, has become the
centre of much academic and industrial focus dueitdohigh temperature stable
intermetallic phases and good castability [3-6].

The previous studies on permanent mould (PM) cd§2A10,11,15] show that
its microstructure consists @fMg dendritic cells, an ABr intermetallic compound in
the interdendritic regions, and aluminum-manganesicles. However, the section
thickness can yield a significant microstructurafiation as in Table VI-l. This variation
is expected since metallurgical principles dictdtat dendritic growth relates to the
cooling rate, or solidification time [16-20]. Theo quantitative measurements that
highlight the microstructural variation of four $ean thicknesses (4, 6, 10, and 20 mm)
[10,11,15,21] are secondary dendrite arm spaciDiA& and percentage of intermetallic

area. The increase in microstructural coarsenedsdacrease in intermetallic area that
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result from slow solidification as section thickees increase are accompanied by an
observable degradation of intermetallic contin{it,11,15].

Table VI-l Microstructural characteristics of vau®section thicknesses

Thickness (mm) 4 6 10 20
SDAS (um) 10 18 21 24
Intermetallic Area (%) 12.75 9.50 7.60 6.00

The mechanical and corrosion response of the alkbmgh depend on
microstructure as examined in the previous liteea{d0,11,15]. In both cases, a finer
microstructure that was yielded by high coolingesabf the thin PM cast sections was
preferable in terms of overall performance [10,5],1Industrial application of a PM
AJ62 material would likely pose mechanical and @sion requirements on the alloy not
just independently but also in combination. Hertloe,current research attempts to relate
the cast microstructures to the mechanical engmggrerformance of as-cast PM AJ62
alloy subject to corrosion, and determine the camplng effect of corrosion-degraded
and solidification-dictated microstructure on témgroperties of the alloy.

6.2 EXPERIMENTAL METHOD
6.2.1 Determination of Corrosion Parameters

To highlight any compounding effects as desiredhis study, a two-step test
procedure was followed by observation. Tensilecspens extracted from permanent
mould castings [15] were to be corroded to genesaual|l pits acting as stress intensifiers
and effective area reduction during tensile loadinthe second step. To understand the
level of corrosion the specimens might encountectangular samples of the poorest
performing coarse microstructure were corrodedntiypéersion and observed. Corrosion

media in previous studies included 0.5 % NaCl [10), % NaCl [10], and engine coolant
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[11]. Observed corrosion in engine coolant hadwshahat the chemical inhibitors
successfully arrest the movement of Mipns from the alloy surface [21]. Therefore,
attention was turned to the NaCl solutions whicbnpote much more aggressive attack.
While variation in corrosion response is more nigtain the weaker, 0.5 %, NacCl
solution during potentiodynamic testing [10], sweclweak solution digresses from the
likely operational environments of exposed strugtuautomotive components. In
addition, the 1.0 % NacCl solution was chosen asatuld expedite the initial step of
testing. Thus four samples from AJ62 cast int® an2n section were immersed in 1.0 %
NacCl solution for 1, 2, 3, and 4 days at room terapge.

The sample that experienced the worst corrosiomlays, was sectioned for
subsurface observation and quantification of petietn depth. After mounting and
rough grinding through 400 grit silicon carbidee ttample was observed using light
microscopy. A resulting micrograph is given in trig 6-1. Shown in this image is a
general dissolution of surface grains, which letmislefects approximately 2pm in
depth congruent with the alloy’s microstructurehefe is also a larger pit formed by
localised corrosion appearing to penetrate to dhdepapproximately 25@m. These
surface defects are likely to generate some st@ssentration effect but not excessively
reduce the cross section of a 4 mm section. Towexethis concentration and duration,

1.0 % and 4 days respectively, were chosen fostlhsequent testing.
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20.00 pm 200.00 pm

Fig. 6-1 Corroded sample showing depths of penetrétom (A) general corrosion
and (B) localised corrosion.

6.2.2 Corrosion of Tensile Specimens

Specimens subjected to this testing were sub-gigeirmens according to ASTM
standards extracted from cast thicknesses of 20,6and 20 mm. Once machined from
the castings, the specimens were polished withrpageto 400 grit to avoid machining
marks and any other initial defects. After pregiara each specimen was immersed in
1.0 % NaCl solution. They were placed in sepacatetainers and suspended in the
medium to avoid preferential corrosion of surfacés ample amount of water, 1 L, was
used to avoid effects of pH increase due to casrogiroducts. The solution used for
corrosion was mixed together prior to dividingnta the individual containers to ensure a
for each specimen a level of control on the coasparameterse.g., initial pH,
temperature, unavoidable impurities.

H, evolution begins shortly after the specimens atererged and continues for
the 4 day duration of the test. After removing #pecimens from the solution, it is
clearly seen that the level of corrosion on thekéi specimens is clearly seen to be

similar to that observed previously when deterngnihe corrosion parameters. After
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removal from the solution, the specimens were emded with distilled water and dried
to halt further progression of the corrosion reati They were then marked and
measured for the second step of testing.

6.2.3 Tensile Response After Corrosion

The tensile specimens were pulled in tension withimour after being extracted
from the solution. An Instron universal tensilstieg machine elongated the specimens
at a rate of 0.5 mm/min with a data sampling rdte0oHz. An extensometer and built-in
load cell were employed to monitor the applied éoand displacement. Data acquisition
yielded the force-displacement curves, from whisé éngineering stress strain curves
were measured.

Once fractured, a representative specimen was cfiose each thickness to
provide SEM fractographs. Using these observatiammd calculations based on the
earlier corrosion samples, conclusions were madtherdominant weakening effect of
the corrosion process observed by comparing tlesssstrain data to that of uncorroded
specimens.

6.3 RESULTS AND DISCUSSION
6.3.1 Stress Versus Strain

Engineering stress and strain resulting from timsite testing can be observed in
Figure 6-2. Characteristic values for these cumespresented in Table VI-Il. These
curves can be compared to those of uncorrodedrapasi in Figure 6-3 and Table VI-II
from [15]. Elastic modulus, E, which is dictateg the constituent phases and their
distribution, has not changed during corrosion. ildMield strength, YS, is also dictated

by constituent phases, the YS as calculated froengile test is understated if large voids
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are present. There does not seem to be a sigrtifittierence in the yield strengths of
the corroded and uncorroded materials.

Elongation,E;, of 20 mm specimens decreased after corrosiorigvetongation
and ultimate tensile strength, UTS, of the specsmeith finer microstructure remains
unchanged. Given the sample size, and scatterTi® képresentative of cast metals,
conclusions cannot be drawn from the observed @wsafy corroded thinner sections.
The sample size and scatter explains the smakaser in elongation suggested for the 6
mm sections. The variation of the thicker sectifvom uncorroded to corroded, however,
is substantial and should be noted. Such degmdatiggests that corrosion has affected
the mechanical strength. In order to understamdfithcture of the specimen and the

interaction of corrosion with the fracture mechamiSEM fractographs were generated.
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Fig. 6-2 Engineering stress-strain for corroded RM2 thicknesses.
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Table VI-lII Characteristic stress-strain valuesdorroded PM AJ62 microstructures

Thickness E (GPa) YS (MPa) UTS (MPa) 1 B20)
(mm)
4 35.9 +0.7 88.2+1.4 168.5 +2.4 3.64 +0.19
6 34.3+15 87.1+2.1 155.4 +8.8 3.00 +0.33
10 305+1.1 84.1 +0.3 139.0 +6.8 2.21 +0.17
20 28.4 +0.6 79.8 +1.8 98.51 +7.8 0.89 +0.19
180
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a
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103 80 +
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Fig. 6-3 Engineering stress-strain curves of urcaed PM AJ62 [15].
Table VI-Ill Characteristic stress-strain valuesdiocorroded PM AJ62 microstructures
[15]
Thickness E (GPa) YS (MPa) UTS (MPa)  B0)
(mm)
4 38.7 £2.3 93.1 +2.0 153.6 +9.4 2.71 +0.50
6 35.8 +6.4 91.0+2.0 153.2 +8.1 2.84 +0.33
10 34.3+£8.0 87.7+1.1 131.2 £2.7 1.79 £0.14
20 33.3+6.3 81.8+1.2 123.9 +3.3 1.99 +0.23

6.3.2 Fractography

In general, examination of thinner specimens witlrf microstructure showed no

apparent anomalies to indicate pre-existing voidscarrosion penetration into the

specimens. In contrast, the thicker sections sbawe types of discontinuous fracture
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surface. On the interior of the thicker castingti®®, shrinkage type voids with

indicative dentritic surfaces as in Figure 6-4 welserved.

Fig. 6-4 SEM micrograph of characteristic shrinkagel in thick sections showing
dendrites.

Other locations show potential corrosion penetraiitteracting with specimen
fracture. On the fracture surface of a 20 mm eactdevelopment of oxides in a
uniquely shaped void was observed. These oxideshawn in Figure 6-5. The brightly
energised crystalline formations on the wall of thserved void indicate the presence of
an oxide. While metal oxides do present themsehigsn the cast material, the oxides
shown in Figure 6-5 suggest a corrosion produdtdithnot exist prior to the corrosion
step. Therefore, it is likely that a subsurfacgcdntinuity was somehow affected by the

corrosion process.
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Fig. 6-5 SEM fractograph showing oxides in an opletiscontinuity at (A) 500 x
and (B) 100 x.

6.3.3 Calculations

Pitting that occurs as a result of general corrosian have one of two influences
on the UTS. If the pit geometry resembles a semitar flaw, it can lead to a stress
intensification at the surface making a tensilecgpen fail at a lower UTS than expected.
Stress intensification is described by Equation WwhkereK is the intensity factor to be
compared with fracture toughne&ss the applied stresa,is the length of the crack, and
F is a geometry factor given by Equations 6-2 thioGe4 for the geometry of interest
[22]. To calculate the geometry factarjs again the crack length ahds the thickness

of the specimen, ardlis the distance of the crack centre from the exdddhe specimen.

K =FSVm Eqn. 6-1

Egn. 6-2

2 4 2
f, = [1.04+ o.zou(?j - 0.106{?J ](1.1+ osa(?j ]Eqn. 6-3
f, =./se E\/E Eqn. 6-4
20\t
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Combating this concept, if the pit is large enoutljle reduction in area would
mean that the engineering stress calculated f@nsilé test is slightly lower than the
actual stress being sustained by the material. gduge this reduction in area effect,
Equation 6-5 can be used for calculation of theiacstress. The actual area can be

calculated as in Equation 6-6.

St = SE—IAaL Eqn. 6-5
ctual
mZ
Aactual =A- N7 Eqn 6-6

whereS,qwa IS the actual stresS,is the stress according to the stress strain ¢cérigethe
nominal area,Aqcua IS the actual area, is crack lengthi.e., penetration depth, ard is
the number of pits.

Calculating the stress intensification and reduaezh using the highest observed
stress in the 20 mm specimens of ~110 MPa, thesargbserved pit dimension of 250
um, and assuming there are about 10 pits aroundithemference, intensified stress
yields just K=2.24 MPa-f? and reduced area only yiel@&wa = 111 MPa. A full
account of these calculations can be found in Adper. According to previous
research [23], a similar alloy containing 10.7 %wvmight Al and 0.13 % by weight Mn,
has a fracture toughness of ~9 MP&mThis fracture toughness is expected to be a
higher value than that of the machined PM AJ62 ttug¢he presence of a densified
squeeze cast microstructure in the Mg-10.7 wt.%alkdy. Nonetheless, since the
calculated intensity factor and actual stress efréduced area is quite low, the reason for

premature failure of the corroded specimen canmotatiributed to either theory for
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corrosion effect. This logic fails to explain thariation in UTS from uncorroded to
corroded.

However, shrinkage porosity and other pre-existifigerent casting defects that
are more abundant in the thicker sections can tgedahan 25Qum, potentially up to
1mm as seen in Figures 6-4 and 6-5, and do nolt fesion the corrosion process. Figure
6-5 shows an internal void or discontinuity thas leegun to develop an oxide layer.
This may indicate that the corrosion pitting on #ige of the specimen penetrated deep
enough to interact with a discontinuity in the tkhicast section or that corrosion
penetration is deeper than previously measureckrebly, a large surface defect or crack
is generated whera=1.25 mm and<=4.84 MPa-fi>. Although this value has been
determined making the assumption that the flanemisircular and it is still marginally
lower than 9 MPa-fiT. As such, the possibility remains for a drasticrérase in stress
intensity factor with compound flaws,e.,, combined corrosion and casting induced
defects, remains. This intensification could resaol premature failure of the brittle
material and can be worse if there are multipleasdon induced imperfections.

6.4 CONCLUSIONS

Samples were successfully corroded and parametesahosen for the corrosion
portion of the combined corrosion and mechanicapoaese evaluation. The chosen
sample showed pits having up to 2pth radii. Specimens were then corroded and
subsequently measured and pulled. Engineeringsssteain curves demonstrated that
corrosion of specimens leads to a marked reduatoachievable elongation. Two
theories based on widely accepted concepts, stresssification and area reduction, do

not necessarily explain the premature failure oé ttorroded specimens without
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consideration of pre-existing sub-surface defeptmeent on the fracture surface. Oxides
forming in what appears to be an opened castingcti@idicate that premature failure of
corroded thick sections may be three-fold. Thie&t®ns in PM AJ62 (i) fail in a brittle
manner, (ii) have more large internal defects iaheto the processing, and (iii) suffer
greater corrosion because of their microstructuké.of these conditions together allow
for crack initiation by way of internal void andreosion pit interaction. This interaction
is unique to the combination of casting paramet@g0sion parameters, and alloy used
in this study. A fine microstructure is therefascommended for PM AJ62 regardless
whether service life requires resistance to medahnioading, corrosion, or a
combination thereof.
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CHAPTER 7

CONCLUSIONS

7.1 REVIEW OF OBJECTIVES

As it was stated in Chapter 1, the main objectifvéhis thesis was to evaluate and
determine mechanical and electrochemical propedieBM cast AJ62 independently,
and correlate them to microstructure developmeat tdkes place during solidification.
In the preceding chapters, experimental result®ewlescussed for PM cast AJ62 in the
following areas: microstructure influence on medbahn properties; corrosion of
solidified microstructures in NaCl solution; effecbf microstructure on corrosion in
engine coolant; effect of inhibitor and chloridencentration in an electrolyte; and
mechanical properties of corroded microstructures.

7.2 SUMMARY OF OBSERVED RESULTS

The results presented in the previous chaptersessafidly highlight the effect of
various solidified PM cast AJ62 microstructures tive context of mechanical and
corrosion properties. This chapter will summatlsst work by revisiting the key points
from each chapter.

7.2.1 Mechanical Properties of Solidified AJ62 [1]

The characteristics of the permanent mould castAdigrostructure prominently
affected by casting section thickness include @aess, cell boundary continuity, and
distribution of intermetallics.

In terms of constituent phases, the microstructfréhe permanent mould cast

AJ62 alloy does not vary from that observed foreottasting processes:Mg makes up
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the matrix; eutectic ABr appears at the cell boundaries; and globule Algdrticles are
common within the matrix.

The section thickness plays a large role in the haeical performance of
permanent mould cast AJ62. Most notable is theatoh by over 30 % in elongation
from 4 mm thicknesses to 20 mm.

The well-noted transition from ductile to brittfeacture among specimens of
increasing casting thickness can be attributeti¢aell size and intermetallic distribution.
7.2.2 Corrosion of Solidified AJ62 in NaCl Solutios [2]

The finer microstructure of the 4 mm section haddyintermetallic continuity for
providing a barrier to corrosion. Reduction inheatic sites on the order of 50 % could
limit the micro-galvanic effect of the 20 mm seatio

Results generated with the use of weaker NaClisoki support existing theories
that suggest a finer microstructure is more dekarét resist corrosion. However, little
variation in the microstructure response to po&ron can be observed. This variation
also becomes significantly smaller with increasieldride concentration.

Unstable passivation response to anodic polaoatieteriorates significantly
with increased chloride concentration for the cearsicrostructure.

A buildup of corrosion products on the tested atefis visible with an unaided
eye. These deposits most likely consist of Mg @navhile traces of other elements are
possible.

The corrosion morphology shows preferential cao®f a grains when viewing
normal to the surface. This is more evident f@ ¢barser microstructure since the finer

microstructure corroded via a surface preparatdfinenced pattern.
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Replacement af cells with corrosion product deposits can be olesgbelow the
corroded surface and suggests preferential dissnland boundary spalling as the likely
mechanisms of mass loss.

The recommendations that have been made are &ogea better understanding
of the PM cast AJ62 elevated temperature mechapedbrmance, and an account of
PM cast AJ62 corrosion behaviour using experim@rtasuch as mass loss due to
immersion corrosion.

7.2.3 Corrosion of Solidified AJ62 in Engine Coolai[3]

The study has shown that the corrosion of permamentld cast AJ62 in engine
coolant intensifies with increases in casting thess. Also, while the corrosion of the
alloy does continue with prolonged exposure to magioolant, the initial corrosion
during the first week is responsible for the majoaf the mass loss. This is particularly
true for the thicker casting sections.

Initial corrosion may proceed according to reacditmat govern the corrosion of
the alloy in water as most engine coolants comaitable amounts of water. Hydrogen
evolution and corrosion product deposits can be $aea period following submersion
into the coolant suggesting that this may be tise.ca

After this period but prior to one week of exposua specimen surfaces had
developed a dark appearance. In combination wghréduction in hydrogen evolution
this suggests the stabilization of a passive filostiikely attributed to or accelerated by
chemical inhibitors in the coolant.

Polarization testing of the extreme thicknessegatdd that corrosion behaviour

of the alloy varies significantly with microstrucéuin the coolant. However, it may not
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relate to the corrosion properties exhibited afpassive film stabilization on the
magnesium rich cells.
7.2.4 Effect of Chlorides and Inhibitors on Corroson of Solidified AJ62

It has been clearly presented that finer microstines have a significant
advantage over their coarser counterparts in tefnesrrosion. This advantage includes
reduced current density for ion exchange as wdkssnegative open circuit potentials.

For exposure to environments where the electrolyigclium is uncontrolled,e.,
external vehicular applications, developing a fimercrostructure via thin sections,
greater cooling rates, or some thermal treatmentidvbe beneficial. These efforts are,
however, undermined should the corrosive envirorinieciude a significant chloride
concentration. Therefore, the resources requiretbveloping a desirable microstructure
should be weighed against the achievable corrasisistance.

Other methods of corrosion resistance might incleaiging technologies for such
applications. Depending on the type of coatinggrostructure of the substrate may
influence the performance of the coating. Thusniwst circumstances some attempt to
generate a fine microstructure should be made fopliGation in uncontrolled
environments.

In a controlled environment where the corrosive inn@&dis a commercial engine
coolant, chloride concentrations are low but anouhhibitors make metallurgical
considerations unappreciable in terms of ion exgbaourrent. So the other two
considerations are left: corrosion potential ankpnation.

Achieving a fine structure reduces the galvaniwidg forces significantly with

respect to the coarser microstructure. If thera mathodic surface in the coolant that
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lends to severe galvanic corrosion a finer micumdtre becomes more desirable.
Meanwhile, the coarser microstructure passivatingremeasily with the help of the

chemical additions in the coolant is desirable a#f.wit should be remembered, though,
that passivation could lead to unexpected resultéocal, small, trapped volumes of

electrolyte. This liability and the galvanic cahesiations ultimately lead to the

recommendation of some effort in reducing SDASdomponents exposed to coolant as
well.

7.2.5 Influence of Corrosion on Mechanical Properés of AJ62

Samples were successfully corroded and parametgesalosen for the corrosion
portion of the combined corrosion and mechanicapoese evaluation. The chosen
sample showed pits having up to 2pt radii. Specimens were then corroded and
subsequently measured and pulled.

Engineering stress-strain curves pointed out thabsion of specimens leads to a
marked reduction in achievable elongation. Twootles based on widely accepted
concepts, stress intensification and area reductdm not necessarily explain the
premature failure of the corroded specimens withamrtsideration of pre-existing sub-
surface defects apparent on the fracture surface.

Oxides forming in what appears to be an openedncpstefect indicate that
premature failure of corroded thick sections maythree-fold. Thick sections in PM
AJ62 (i) fail in a brittle manner, (i) have morardge internal defects inherent to the
processing, and (iii) suffer greater corrosion lseaof their microstructure. All of these
conditions together allow for crack initiation byayof internal void and corrosion pit
interaction. This interaction is unique to the domation of casting parameters,

corrosion parameters, and alloy used in this studfs a recommendation, fine
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microstructure is suggested for PM AJ62 regardiesether service life requires
resistance to mechanical loading, corrosion, amlgnation thereof.
7.3 FINAL RECOMMENDATIONS
In all of the preceeding work, it can be seen ttat finer of the observed
microstructures is dominant when considering PMt cAd62 mechanical and
electrochemical properties. This fine microstruetis the product of a faster cooling rate
and offers the recommendation that the castinggsoshould be designed to target rapid
solidification, when possible, for improved PM cAI62 properties.
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APPENDIX A — CALCULATIONS FROM SECTION 6.3.3

Calculation for stress intensification of 0.25 madius semi-circle

Given:a=0.00025 m{=0.006 m (6 mm thicknes®)=0.01 m (half of 20 mm width
assuming crack in the middle); aBd110 MPa.

- (1.04+ ozm{%jz _ 0.106{34]{1-“ 03{3]

2 4 2
f =| 104+ 0_201{ o.ooozsj 0106 (o.ooozsj L1+ 0.35( o.ooozsj
0.006 0.006 0.006

f, =0911

m [a
f,=./s€e¢—,|—
{Zb tJ

- \/SE {n(o.oooze) o.ooozsj

" 2(001) V 0.006

f, =1.250

F=t1,2

a w

T

F = 0911112500
JT
F =0.725

K = FSV7a
K = 0.7250110J77[0.00025

K = 224 MPa/nf®
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Calculation for stress correction from reduced area

Given:a=0.00025 mA=0.020-0.006=0.000124N=10; andS=110 MPa
2

A = AN

A =119E-06 m

samj = S[_IL
ctual
S, =110 .000120
0.00011¢
S =111 MPa

actual

Calculation for stress intensification of 1.25 madius semi-circle

Given:a=0.00125 m;t=0.006 m (6 mm thicknessp=0.01 m (half of 20 mm width
assuming crack in the middle); aBd110 MPa.

- (1.04+ ozm{%f - o.106{?j4]{1-“ 035@]

2 4 )
f, =| 104+ o.201{ 000125] - 0.106(0'00125] 11+ o.35( 000125)
0.006 0.006 0.006

f, =0.906
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m [a
f, =.[se¢—.|—
{Zb tj

2(001) V 0.006

- \/SG {n(o.omzs) 0.00125J

f,=1217

F=ff 2

a " w

T

F = 090601217CF
JT
F =0.702

K = FSV7a
K = 0.7020110V770.00125

K = 484 MPa/nf®
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