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ABSTRACT

The corrosion behaviour of the commercial aluminum powder metallurgy (P/M) alloy

OAl umi x 12306 and a composi t i-Bnhadbeey stigliedni | ar
in naturally aerated 3.5wt% NaCl electrolyte by a variety oftedehemical methods and

the subsequent corrosion morphology characterized hynsaa electron microscopy

(SEM) andenergy disprsive xray spectroscopy (EDSYhe P/M material was sintered

in an industri al s et tsiimg ea real ornvatieansthndard i e d |
sizing operation, denoted by the T1 and T2 temper, respectively. The electrochemical
methods employed includeopen circuit potential (OCP), cathodic potentiodynamic
polarization, cyclic potentiodynamic polarization, and potetdiaspolarization.

The OCP of Alumix 123T1 stabilizedat potentials near the onset of hydrogen evolution,
where corrosionwas partially under anodic control and proceedia cathodic hydrogen
evolution. Thisis postulated to be due to a reduction irhode area or depassivation
induced by propagating crevice corrosion within residual porosity. In this state, most of
the anodic current on Alumix 1ZB1 was generated from creviced areas within residual
porosity which eventually repassivdtavhen the conadration of anodic reaction
products exceestlthe solubility limit and precipitation ocawd

The OCP of Alumix 12312 stabilizel at the piting potential, where corrosion wa
predominantely under cathodic control and proedeth cathodic oxygen reduot. The
sizing operation of Alumix 1232 reduce the amount of residual porosity through
plastic deformation and sealsurface porosity with sizinguld so that crevice corrosion
did not initiate.

In Alumix 123(T1, T2), pittingwas not always associatewith copper and ironrich
intermetallics. This behaviowas attributed to the refractory layer formed on the P/M
materials as a result of the sintering process, which estaimegrity over these
intermetallics. Above the pitting potential of AlumixX23(T1, T2), crystallographic
pitting was scarcely observed and the majority of att&ek intergranular in nature.

The OCP of AA2014T6 stabilizel at the pitting potential where corrosionas
predominantly under cathodic control and proesbda cathodicoxygen reduction. In
AA2014-T6 pitting was associated with copperand ironrich intermetallics. SEM
observations of AA20146 suggesidthat copper isedeposited on coppeand ironrich
intermetallics and that cathodic trenching around -moh internetallics may have
liberaied copper from the matrix in a neffaradaic process. Above the pitting potential of
AA2014-T6, therewas extensive attack by crystallographic pitting and intergranular
corrosion.

XVi



LIST OF ABBREVIATION S AND SYMBOLS USED

a.u.
ads
avg
AESEC
AMS
ASTM
CR

d

D10
Dso
Doo
DC
Ecorr
Epit
Erepass
EBS
EDS
EW
GP

hr

icorr

ipass
ICP-OES
IGC

ISO

LPS

m

M

MEC

Arbitrary units

Adsorped

Average

Atomic emission spectréectrochemistry

Aerospace Material Specification

American Society for Testing and Materials

Corrosion rate

Particlediameter

Particle diameter at 10% of the cumulatparticle size distribution
Particle diameter at 50% of the cumulative particle size distribution
Particle diameter at 90% of the cumulative particle size distribution
Direct-chill (casting)

Corrosion potential

Pitting potenti&a

Repassivation potential

Ethylene bisstearamide

Energy dispersive Xay spectroscopy

Equivalent weight

GuinierPreston (zone)

Hour

Corrosion currentdlensity

Passive currerdensity

Inductively coupled lasma optical emission spectroscopy
Intergranular corrosion

International Organization for Standardization

Liquid phase sintering

Mass

Molarity

Minerals Engineering Centre, Dalhousie University

Xvii



MPIF
NDE
NIST
NSERC
OCP
PIM
PAR
PDF
ppm
satod
SCC
SCE
SEM
SHE
SSSS

wt%
XPS
XRD

yr

Metal Powder Industries Fedéom
Negative difference effect

National Institute of Standards and Technology
National Sciences and Engineering Council of Canada
Open circuit ptential

Powder netallurgy

Princeton Applied Research

Powder diffractionife

Parts per million

Saturated

Stress corrosion cracking

Saturated calomelectrode;E = +0.241\éHe
Scanning electron microscope

Standard hydrogerextrode;E[ OV

Super saturated solid solution

Time

Temperature

Weight percent

X-ray photoelectron spectroscopy

X-ray diffraction

Year

CathodicTafel slope

Diffraction angle

Wavelength

Density

XVili



ACKNOWLEDGEMENTS

| am sincerly grateful to my supervisors, Dr. Georges Kipouros and Dr. Paul Bishop, for
their continued support and excellent leadership throughout the course of this work,
without this the culmination of this work would not be possible. | am also grateful for the
financial support provided by the National Sciences and Engineering Research Council of
Canada (NSERC) and AUTO21 Network of Centers of Excellence, and the industrial
cooperation from ECKA Granules and GKN Sinter Metals. | would like to thank Dr.
George Jagura and Dr. Abdulwahab lbrahim for helpful discussions and assistance with
electrochemical instrumentatiomand Dr. Kevin Plucknett fothorough review of this

work.

| would also like to thank a number of people at Dalhousie University for their help:
Allison Fulford and Hilary Lynd of Sexton Librarylarlyn McCannand Joe Wickens of
Document Delivery, Dean Grijm of the machine shop, Patricia Scallion of the Institute for
Research in Materials, Dan Chevalier and Gerald Fraser of the Minerals Engineering
Centre, Md. Aminul Islam of the Advanced Tribology Laljatt Harding and Randy
Cooke of the Particulate Material Research Group, and the rest of the students, faculty,
and staff of the Materials Engineering Program and Department of Process Engineering

and Applied Science.

XiX



CHAPTER 1 INTRODUCTION

Conventi o-amm$ i nétperrebs spowder metal | vargy ( P/

fabricatedto near net shapandserve as a loweost alternative to conventional die cast
and machinecluminum partg1]. Aluminum P/M has found ggication where the high
strength, low weight, natural corrosion resistance, and good conductivity of aluminum
can be combined with the cesffective mass production technology of P/M
manufacturing1-3].

There is expected to lecreased demand fatuminum P/M dependent upon current
research and development efforts with China and India identified as potential mirkets
Most research and developmdms been focused on improvirgtablishedmaterial
properties such as modulus, high temperature strewgtér resistancegand fatigue[1];
however in otherareas such as corrosion resistana@en basic material properties
includingcorrosion rate have not been specified and naaddable to design engineers.

In this work, the corrosion behaviour d¢ie commercial aluminum P/M alloy
0 Al umi has heBn3edaluated as part of a continuing effort from our laboratory to
assess the corrosion behaviour of commercial aluminum P/M alloys with an emphasis on
electrochemistryf4]. Prior corrosion evaluations havmeen confined to salt spray tests
which only assign a letteating of GAAdthroughdEbbased orspecimen appearan{®e-7].
Electrochemical studieaim to identify fundamental corrosion mechanisms pravide
guantitative thermodynamic and kinetic infornoatiwhich can be used to predict material
performance and design systems of corrosion preventidnirdiibition The corrosion
behaviour of a compositionally similar wrougalioy, AA2014T6, has been studied

simultaneously to provide a comparison to thd Riaterial.



CHAPTER 2 BACKGROUND

2.1 ALUMINUM -COPPERALLOY SYSTEMS
2.1.1 Wrought Alloys

Several different types of wrought alumintcopper alloysexist which can be
broadly categorized according T@ble 2.1. Some relationshipsamongsome commonly
used aluminurrcopper alloys are shown Figure2.1. These alloys comprisex2x seres
in the Aluminum Association alloy designatiogstem [8]. The second digit in XXx
indicates the al | deorigrmaldlioy ancotherivatues;(1, Ze®) bei n
indicating modifications of the original alld®]. The third and fourth digits inx@xserve
to identify each unique allgg].

The development of aluminueopper alloys began ih906 after the accidental
di scovery of natur al aging of o6duralumin, 6
alloy 2017[10]. The industrial use of duralumin was limited by its poor fabricalilify.
In 1926, alloy 2025containing no magnesium and a controlled amiaf siicon was
developed for improved forgabilifsL0].

Alloy 2014 wasthendeveloped in 1928 in an attempt to combine the magnesium
addition of alloy 2017 with the silicon addition of alloy 20pP®]. The result was an
alloy with improvel forgability that ale respondedrery well to artificial aging[10].
Alloy 2014 is used primarily as a general purpose high strength forging alloy but extruded

and rolled product are sometimes used as[i@]!



Table2.17 General composition limits for wrought aluminucopper alloyg11].

5% Cu Durals  Al-Cu-Ni

wrought alloyst

Cu 4-6 3.05 2-5
Fe t0o 0.7 to 0.7 to 1.5
Si to 2 to 1.0 to 1.5
Mg <0.1 0.41.7 0.1-2
Mn to 1.5 0.51.5 t0 0.5
Ni to 1.0 <0.2 0.52.5
Zn <05 <0.2 <0.2
Sn <0.1 <0.05 <0.05
Pb tol <0.05 <0.05
Bi tol <0.05 < 0.05
Cd to 2 <0.05 <0.05
Li to 2 <0.05 < 0.05
Ti t0 0.1 to 0.1 t0 0.1
\ t0 0.2 <0.05 < 0.05
W <0.05 <0.05 <0.05
Ag tol <0.05 <0.05
Zr t0 0.5 t0 0.2 <0.05
Sb < 0.05 <0.05 < 0.05
Cr t0 0.2 t0 0.2 t0 0.2

#These alloys can be subdivided in two groups: the
Y alloy type, whose basic composition is 4% Cu,
2% Ni, 1.5% Mg; and the Hyduminiums, which
usually have lower copper contents and in which
iron replaces some dtiie nickel.

The strength of alloy 2014 is primarily based off precipitation hardening. The
presence of magnesium and silicon together enhance [ddihgrhe iron content is kept
as low as practically possibj@l] as iron forms intermetallics which enitle the alloy
and simultaneously reduce the amount of copper for artificial 4@itjg The embrittling
effect of iron is reduced by the presence of manganesbose intermetallics are not

embrittling and absorb some ir¢iil].
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Figure2.1i Relationships among commonly used alumirtopper alloyg12].



2.1.2 Powder Metallurgy Alloys

Convent o n al -an@gir re dumindm P/Malloys were developed as a lew
cost alternative for small and complex conventiatia cast and machined pafts3].
Some commercidP/M alloys based off thaluminumcopperalloy system that have been
developed, but not necessarily remain in production, are shoWabie2.2.

Aluminum P/M wascommercialized in the 1960s by Alc{i4-16] and has been
in large scalecommercialproduction[2,3,7,1726] in the applicatiors outlined inTable
2.3. Perhaps the most defining moment for aluminum P/M came in the early 199@s whe
General Motors began manufacturing the camshaft bearing caps in the cylinder head
assembly of their Northstar engines from 201AB aluminum P/M §#@} In one line of
Chrysler cars, 20 aluminum P/M cam caps are used per engine and offer 35% cost saving

over die cast and machined cép8].

Table2.2 7 Compositions of some commercig@iressandsinte® aluminumcopper P/M
alloys (wt%)[1,3,17] Balance Al.

Manufacturer  Alloy Cu Mg Si Mn Sn
ALCAN 22 2.0 1.0 0.3 T T
ALCAN 24 4.4 05 09 04 i
ALCOA 201AB 4.4 05 0.8 T T
ALCOA 202AB 4.0 i i T T
AMPAL 2712 3.8 1.0 0.75 T T
AMPAL 2712A 4.4 05 0.6 i i
AMPAL 2905 3.0 1.2 0.25 | 0.6
ECKA 13 4.5 0.5 i i i
ECKA 123 4.5 0.5 0.7 T T
SINTERAL i 2.0 0.6 i i i
(various) T 3.4 0.6 0.5 i i




Table2.31 Applications of aluminum P/NB]J.

Property

Description

Examples

Light weight
and low
noise

Corrosion
resistance

Conductivity

Special
finishes

Light weight of aluminum P/M parts
reduces power requirements and lowel
vibrations and noise levels in machines

with unbalanced motion

Natural corrosion resistance of alumint
enables one to use aluminum PidA

mildy corrosive environments

High thermal and electrical conductivit

of aluminum and noimagnetic

characteristics are especially useful in

electronics

A variety of attractive colorful and
decorative finishes are possible on

aluminum parts.

Ratchets, gears, cams, lever
ect.for appliances, portable
power tools, copiers,
computersect.

Pumps, outdoor equipment,
meters, gauges, fluid control
devices

Audio-visual equipment
cassette recorders, electroni
devices including computers
telephones, TVect.

Office equipment, hot water
pots, typewriters, faucet and
other kichen appliancect.




2.1.3 Temper Designations

The temper designation system for aluminum alloys is used to indicate the
thermomechanical treatment and sequence history of an aluminum alloy g@jdddte
basic temper designation system, showhahle2.4, is applicable to all product forms.

The asfabricated tempef-F) is used for shaped products with no special control
over theamount of strain hardening or thermal treatment during proceasimgisually
indicates a ser¥finished product which will be further processed to a finished form or
temper[9]. The annealetemper(-O) is used for products that are thermally treated to the
lowest strength and highest ductility condition to increase workakfity The strain
hardenedemper(-H) is used for products that are strengthened by varying amounts of
plastic deformation and, in some cases, supplementary thermal tref®nemrought
aluminumcopper alloys are rarely strain hardefigd]. The solution heat treatedmper
(-W) is an unstable temper used for heat treated and quenched products, and indicates a
semifinished product that will be subsequently worked or age hardgjedhe heat
treated(-T) temper is for products thermally treated, with or without supplementaiin st
hardening, to produce stable tempEE Subsequent digits in the T1 to T10 tempers
indicate variations in the processing of heat treated products that can signify: residual
stress relief, modifications in quenching, heat treatment by user, additimdawork
between quenching and aging, additional cold work following aging, special corrosion
resistance, or special/premium properfiys

The natural diferences in P/M manufacturing have resulted sfight
modifications to the traditional definitie shown inTable 2.5. At present, liere are no

standardzeddefinitions for P/M tempers.



Table2.47 Basic emper designations fevroughtaluminum alloyq49].

Letter Description Digit(s) Description

-F As fabricated

-O Annealed

-W Solution heat

treated

-H Strain hardened -H1
-H2
-H3
-H4

-T Heat treated -T1

-T10

No thermal treatment

Partially annealed

Stabilized

Lacquered or painted

Cooled from hot wdding, naturally aged

Cooled from hot working, coldiorked, naturally
aged

Solution heat treated, cold worked, naturally age
Solution heat treated, naturally aged

Cooled from hot working, artificially aged
Solution heatreated, artificially aged

Solution heat treated, overaged/stabilized
Solution heat treated, cold worked, artificially ag
Solution heat treated, artificially aged, cold work
Cooled from hot working, cold worked, artificially
aged

Table2.57 Some temper designations usedRév aluminum alloyg5,7].

Letter Description Digit(s) Description

-0 Annealed

-T Heat -T1 Cooled from sintering temperature to 260n nitrogen
treated (at uncontrolled rate), air cooled to room temperature
-T2 As sintered, repressed
-T4 Solution heat treated in air, cold water quenched,

naturally aged

-T41 Repressed, heat treated to T4

-T6 Solution heat treated in air, cold water querniche
artificially aged

-T61 Repressed, heat treated to T6

-T8 Solution heat treated in air, repressed, artificially agec

3aAnnealed 1 hour, furnace cooled at max rate of 20°&o 260°C or lower



2.2 PROCESSING AND STRUCTURE OF ALUMINUM -COPPERALLOYS
2.2.1 Wrought Alloys
2.2.1.1 Ingot Casting

Melting, remelting or holding of primary aluminum typically takes place in a
reverberatory furnacevhich operates continuously29]. Alloy additions are added
directly tothe melt[29]. Elements with low melting pointsre introdiced as pure metals
and déements with high melting pointare introduced as master alloys help with
dissolution[29]. If dissolution remains problematic, aster alloyscan also be added
directly to the electrolytic celherethere ishigher turbulenceand temperature9].
Once a satisfactory compositias achievedthe meltis treated to reduce hydrogen,
alkalis, and nommetallic inclusiond30]. The melt isthendegassed and fluxed with Ar
Cl> gas mixtures and finallpassed through ceramic foam dil6 to remove insoluble
constituent$30].

Virtually all aluminum alloy ingotsre cast by the direethill (DC) procesg30],
shown in Figure 2.2. Extrusion ngot is cast in glindrical form and sheet ingan
rectangular fornj30], Figure2.3. The ingots are not cast under equilibrium conditions, so
the structure is dependent upon the casting variables as well as chemical composition
[11,30-32]. Important structural characteristics of the ingot inclugtain size and shape,
cell size and dendrite arm spacing, macend micresegregation, and primary
constituentd30]. Grain size is contrtdd by grain refining additions/hereascell size,
segregation, and primary constituents are affected by compoaitit solidification rate

[30,32]



Level control valve

on floating Constant metal
metal distributor level in trough
From \ Z
furnace —— \ Liquid metal 4 —— To next
= = —~  mold

—

Aluminum

mold —

Air gap
Starter block

Figure2.31 Typical DC cast aluminun{a) extrusiorogs;(b) sheet ingof33].
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2.2.1.2 Forming

The ascast ingotstructurehas numerous characteristics that are unattractive for
subsequent operations, including macrand mcro-segregation,low melting point
eutectics,brittle intermetallic phasesupersaturate solid solutions of finely dispersed
precipitates and skin enriched with up to 30wt% coppebntaining primary ron,
manganese or nicketbearing crystal$11,30,31,34] It is standard practice to scalp the
ingot to remove the skin and themomogenizeit to help remedy the rest of the
unattractive characteristi¢¥1].

Homogenization temperature is determined by alloy compositjenerallythe
temperature of the lowest melting point eutectic should not be excdédeti]
Magnesiumfree alloys can be homogenized at25540°C while alloys containing
magnesiummust be homogenized below 525[11]. Homogenization timelepends on
diffusivity considerations large ingotscan requireup to 24 hours[11]. Excessive
homogenization time or temperature will le@adrecrystallization and grain growft1].
Ingots for hot working are cooleslowly from the homogenizatioto the working
temperaturen orderto precipitate and spheroidize soluble constitufiity Hot working
temperatures range from 3%25°C [11].

Generally at least 600% deformationis required to produce théesired
properties in wrought producfd1]. The properties of wrought products are commonly
anisotropic; thereferencedirectionsare shown inFigure 2.4. Light reductions result in
only slight directionality and coarse grains while heavy reductions lead to extreme

elongation of grains in the working directifii].

11
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Short ]
tn';mswerse‘r

Figure2.47i Directions in wroughtaterialg11].

Formability is highest in the annealed condition doaer in the naturally or
artificially aged condition[11]. Alloys containing magnesiumare significantly more
prone to cracking11]. Iron, silicon, nickel, manganese, titanium, atgomium have
little effect on formability[11]. In magnesiuncontaining alloysbismuth, lead, and tin
form brittle intermetallics that reduce formabilifitl]. Dissolved hydrogen reduces
formability and can lead to blistering and crackjhg].

Copperlowers the recrystallization temperature and slows the recrystallization
rate especiallyif present in solution or as fine precipitafé4]. Iron, silicon, magnesium,
and nickel do not affect the recrystallization temperature but can refine graifikjze
Chromium, manganese, and vanadium only raise the recrystallization when in solid

solution[11].

12



2.2.1.3 Precipitation Hardening

Materials are precipitation hardenezhly after some form ofsolution heat
treatment andaccelerated coolingll]. To optimize thisprocess hie solution heat
treatment temperature must be below the solidus and must be held for sufficient time to
diffuse all soluble elementand distribute them evenljl1] 7 specifics are dependent
upon alloy composition and product fofil,35]. Mostwrought products are quenched
in to a cold water batith amaximumpermissible quenctielayof 5-15 second§35].

Five distinct structures have been identified in the precipitation hardening process
of aluminumcopper alloys[11]: the supesaturated sali solution (SSSS) Guinier
Preston GP) 1 zones, GP2 zoned (phas¢, d' phase, andf phase (CuAl). As aging
progresses these structutgpically appearconsecutivelyin the orderSSSSY GP1Y
GP2(d )Y 'd& d[11].

GP1 zones are one or two atomicdes/ofpurecopperin the (100) plaas ofthe
matrix surrounded bplanes ofalmostentirely aluminumatoms[11]. They are coherent
with the matix and distort (shrink}the latticeup to 1015 planes away from theopper
layers[11]. These zones grow up #osizeof 30-70x10°m at 300K or 100-150x10%%m
at 350400°K [11]. As GP1 zonegrow, hardness is increased and ductility decreases
[11].

GP2 zones have a tetragonal lattice with five interchanging sheets of aluminum
and copper (3 sheets aluminum, 2ets copper) in the (100) plarféd]. GP2 zones are
coherentwith the matrix and can grow to 1A®M00x10m in diameter andl.0-40x

10'%m thick [11]. As GP2 zones grow, hardness increases as dislocation motion is

13



inhibited by the increased latticérain [11]. When the stress fields from different GP2
zones reach each other peak hardness is reachetipnase begins to appdad].

T h € phdse has a tetragonal lattice and is considered a separate phase from the
matrix [11]. Eachd particle is surrounded by a ring of dislocations so that no lattice
strains are present in the matA].

d particlesoccur at defects, slip planes, and grain boundanegrow up to 100
6000x10°m in diameter and 16050x10%m thick depending on aging time and
temperature[11]. When the matrix softens and recrystallizes to form the ring of
dislocations surrounding' particles, new advancing dislocations are able to bygdass
particles due to the lack of lattice strain in the mdttld. Maximum strength occurs with
a mixture of GP2 zones anbprecipitateg11].

The equilibriumd phase (CuA)) forms after prologed aging time or temperature
[11]. It has a tetragonal lattice amslincoherent with the matripd 1]. It can nucleate from
d particles or directly from the matrix, which results in different crystallographic

orientation relationships betwedn a n datrik [h1l. m
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2.2.1.4 Characteristics of Secondaryhases

Secondry phasesan beclassified as eithesolubleor insoluble[11]. The soluble
phases are comprised copper, lithium, magnesium, silicon, or zifid]. The insoluble
phases contain at least onersént with limited solid solubility such &&®n, manganese,
or nickel[11]. A summary of phases likely to occur in alumingopper alloys is shown
in Table2.6.

The soluble phases formed depend on the amountlablecelements available
and their ratid11]. With high Mg:Cu and Mg:Si ratios, the Cubije phase is favoured
[11]. At lower Mg:Cu and Mg:Si ratios, the CuMgAphase is formedill]. If the ratio
Mg:Si is low then CuMgsSisAls is formed, typically in cojunction with CuAb [11].
Some copper can be confined to romanganese or nicketbearingcompoundsTable
2.6, including (CuFe)Ak, CwFeAl;, (CuFeMn)Ak, CwMnzAlzo, and CwNiAl7 [11].
When >1wt% silicon is i@sent, however, iron and manganese can preferentially combine
with silicon as FeSiAl over CuFeAl: and (CuFeMngSizAl 15 over (CuFeMn)Ad and
CwMnzAl20[11], Table2.6.

Magnesium is usually combined with silicoor copper, except in alloys
containingbismuth, lead, or tiwhere MgPb, MgBi3, or MgSn are formed11]. In
commercial alloys magnesium never combines with iron or mangdaé$e When
silicon-containing insoluble phases are formed, silicon will Bqgpear as Mgpi and then
recombine with iron or manganelddl]. Whennickel is present with manganese or iron it
will combine with them as th&insNiAl1s or FeNiAl at the expense dheir other

compounds(CuNi)Alz, CwNiAl 7, CuMnzAl 20, and (FeMn)Ad [11].
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Table2.61 Phases foned in aluminurrcopper alloyg11].

Fe

Si
Mg
Mn

Zn

Pb

Bi

Sn

Cd
Ti

Cu < 2%
in solid soln.

Si>2 Mg

Fe,SiAl; or FeSiAl;

Si>Fe
FeSiAl;

Mg < 0.2%
in solid soln.

Mn < 0.2%

in solid soln.

Zn < 2%

in solid soln.

CuzFe
Cu,NiAl,

Mg, Bi<0.1%

Pb

Pb > 0.2 Bi
BiPb,

Mg< L7 Si
Sn

Cd(M
TiAl,
Ag <0.3%

in solid soln.

Cu>2% Fe» Si Mg > 1/2 Si Mn» Fe Mg < Si
CuAl, Cu,FeAl, or CuMgAl; or Cu,Mn,Al,, or Cu,Mg,Si Al
(CuFe)Al CuMg, Al (CuFeMn)Al, (CuFeMn),Si,Al,,
Fe>Si Mn>0.1% Ni>0.1%
Cu,FeAl, or (CuFe)Al; or (CuFeMn)Al; or FeNiAl; or (CuFeNi)Al, or
FeAl, (CuFeMn),Si,Al,;s  (CuFeNi),Al; or Cuy(FeNi)Al,
Si < Fe, Mg > Si Mg=Si Mn > 0.1% Si>Mg+Fe
Mg,Si Cu,Mg,Si;Al {CuFeMn),SiAl,, Si
Si>0.6 Mg< 1 Mg Six=Mg Si<0.6 Mg Cu<Mg
Mg,Si Cu,Mg,SigAl, CuMgAl, CuMg, Al
Fe> Si Fe<Si Fe.S51<€Mn Ni>0.1%
(FeMn)Al, (CuFeMn),Si,Al,, Cu,Mn,Al,, Mn;NiAl,,
Zn>2%
CuyZn,Al,
Cu<2 Fe, Fe>Si Mn>0.1%
FeNiAl, or (CuFeNi)Al; or Mn,NiAl,,
(CuFeNi),Al, or Cuy(FeNiAI,
Bi<0.1 Pb, Mg> 1.7 Si Bi>0.1 Pb
Mg,Pb BiPb,
Pb<0.2 Bi, Mg> 1.7 Si
Bi,Mg,
Mg> 1.7 Si
Mg,Sn
Ag>0.3% Mgs1.78i
Ag,Al (AgCuAl),, Mg, or AgMg (7)

Ni>0.1%
Cu,NiAl, or (CuNi),Al, or
Cu,(FeNi)Al, or (CuFeNi)Al,
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2.2.2 Powder Metallurgy Alloys
2.2.2.1 Raw Materials

Virtually all P/M grade aluminum powder is produced by air atomizdfi¢$)36]

Air atomized aluminum @wder is preferredlue to itssuperior shape, size, and flow
characteristic$14,15,3742]. The shape ofinatomized aluminum peder isirregular or
teardrop Figure 2.5 [43-45]. Particle size and distributiomre controlled byprocess
variables[36,39,46,47]and through the application of pesbmization size classification
techniques Air atomized aluminum is normally sieved in to different grades by
manufacturer$l] i the P/M grade powddravingan average aticle size of 46100um
[3,39,48,49] Typical commercial composition limits ar®.15wt%Fe (max);-0.10wt%Si
(max), and 0.30wt%0O (max3,14,15,23,42,44,47TThe oxideis mostly present as a thin
protective layer on the surface of the powperticles[23,41,47,50] and is thought to be
at least partially amorphoyg]. The oxide layercontainséxide islandéthroughout the
surfacewhich are a result of the oxygen content of the atomizing &Y. Powder
partides solidify with a dendritic cell patternFigure 2.5, with iron and silicorenriched
cell boundarie$50,51]

Aluminum premixes can be prepared from: (i) purely elemental mixes, (ii)
partially elemental mix and partly pedloyed powder, or (iii) completely praloyed
powder [3]. Many investigators have found elemental copper powder superior 40 pre
alloyed or composite powdé¢t4,15,39,5254] and this reflects in the use of elemental
copper in commercighremixes[7,14,15,42,49,55]Finer copper powders (d<d®) are
superior over coarser powders with respect to sintered tensile strgty86], sintered
pore sizgl56,57] and surface finish after sinteri§7]. Suchpowders also promote the

formation of liquid earlier during sinterif§7,58]
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Figure 2.5 7 Atomized 1202 Grade aluminum powdéa) SEM micrograph(b) cross

sectioral microstructurg51].

Copper powderfor aluminum P/Mcan be produced bglectrolytic deposition from
agueous solution which is normally antegrated operation in copper smelters and
refineries[59,60] Copper is deposited as a high purity dendritic deposit with powder size
and distribution controlled by the conditions of deposifEt60]

Traditionally, elemental magnesium powder has bpeduced by mechanical
means[43,61,62] which yields material unsuitable for powder metallurgy applications
[39]. A satisfactory powder can be produced by mechanically pulverizing a brittle master
alloy [39,43,63,64] Al-50wt% Mg is suitable[39,63,64] but anywhere between 20
70wt% Mg can be easily pulveriz§gb].

Commercial premixes have contained silicon as a-ptly [49,55] or elemental
[7,42,49,51] powder addition. Elemental silicon powder can be produced by milling
[66,67] while master alloy powds can be produced by atomizatiga3,57] or
mechanical pulverizatiof61l]. The presence of silicon as a pulverized master aloy
resultin superior precipitation hardenifgg].
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Commercial aluminum P/Malloys typically contain 1.2 od.5wt% admixed
internal lubrican{1,3] with a low ash and moisture contéatmaintain the low dew point
during sintering[3,7,14,15,19] Zinc stearate lubricants have been used in the past,
howeverthesepartially dissociate to zinc oxide which interferes with sintef8)§6,69]
Organic fatty acids or waxes amre suitable[14,15,19,42] The prevailinglubricantis
ethylene bisstearamid&BS)[1,3].

Raw materials ar@ormally blendedn an inert atmospherat the plant of the
powder manufacturdi3,36,42] Powder pre-mixes aresubject to several quality control
checks, such as particle size distribution, apparent density, tap demsitylowability
[2,36]. A flowchart detailing the manufacturing of an aluminymemix is shown in

Figure2.6. Oxidation during storage or transport is normally not an ig3ue

pracess steps @ orocess contpgl

- tluminiun
gelting L/ l (D ourity analysis of

Y E B § the raw material
atomizing

(2> 1nspection of the
aluninius powder

separation

particle size distribution
apparent density
0,-centent
{ pressing and sintering
hehaviour)
@ Inspection of the

elassifying

| powder properties
blending alloying elessnts 8.4, copper, shlbcon, magnesiun, chemical analysis
Tubrdeant (4) quality inspecting and testing
of pressready Alunix®blend
powder properties

packaging
N cheaical enalysis

pressing and sintering behaviour

Figure2.6 1 Flowchart of the production process for ECKA ALUMIX blends and process

control measurel86].
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2.2.2.2 Compaction

Aluminum P/M aloys are compacted with standangechanical or hydraulic
pressesin closed steel die§14,15,19,20,23] although tungsten carbide tools are
recommended for higliolume production run§3,19,23] This can be done on existing
tooling designed for ferrous aruprous P/M material$2,5-7,14,15,42] In fact, the
excellent comressibility of aluminum powdeallows for larger cross sectional parts to be
pressed on the same equipmin,5,7,14,15,42]

Internal or die wall lubricationis an absolute necessitjor compaction
[3,7,14,15,42] Without lubricant, aluminunpowder has severe seizing and galling
characteristics against steel dj#4,15,18,39,68]Lubricant alsgpromotes a homogenous
density distributior{55], however there is always some density vanmatioe to friction
on the die wall and die facg0], Figure 2.7. Increasing lubricant content decreases
ejection force but also decreases green strength by inhibiting the cold welding of particles
[55]. Lubricantalso helps prevendusting during transfer of the powder né to the
hopper3].

Successful compaction requires information on flow rate, apparent density, and
compressibility of powder blend49]. Compressibility of alumioam powder is sensitive
to impurities, particlarly iron, silicon, and oxygef89]. Compressibilitydecreases with
increasing copper content, probably due to the mechanical properties of thgg&H!
Copper particles can assist in compaction and ejection by dislodging aluminum particles
that hae adhered to the die wd@8]. Silicon slightly lowers compressibility but reduces

ejection pressure and improves green surface fl6&h

20



l | |
’ ;F 7 e 2
] /) ' < l a2V
= = B SN TN N
l
— | eoveression

Figure2.7 i Density variation during the pressing of a cglilcal compact in a floating
die[70].

Pressing to 8®5% green density is desiralf#2,71,72]as hgher compaction
pressures cause pressure crgbig, increase distortion during sinterifig3], and result
in blowholes and poor densificatidd0,71] At higher green densities, close patrticle
contacts and large contact areas interfere with liquid phase sinfédhgThe good
compressibility of aluminum powder yields compacts with high green str¢agftbut
this is also partially a result of the noduland irregular shape of the air atomized
aluminum powder which allows for good interlockifig,14,15] Handling parts after

pressing is not normally a problem due to the high green strength of aluminum P/M alloys

3].
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2.2.2.3 Sintering

Nitrogen is the prerred atmosphere for industrial sintering of aluminum P/M
alloys [1-3,14,15,42,75] Nitrogen offers the best sintered properties
[1,3,14,15,42,50,75,76]is economical in bulk quantities, and requires no special
handling, gas rgeneration, or adsorbentythg [1,3,7,75,76] The dew point of the
nitrogen atmosphere should be controlled beelow 40°C (equivalent to~12Qppm
moisture)[1-3,7,14,15,42,75]although the optimum dew point varies somewhat between
different alloys[1] . At higher moisture contesitsintered properties decrease sharply
[14,15,19] and the lubricant can oxidize durirgde-lubrication [55]. Standard grade
nitrogen normallyhas a dew point af60°C, but moisture and oxygen are picked up on
the way to the sinter zoij8].

Mostcommercialaluminum P/M alloys arsintered betweef90-620°C for 1530
minutes[1-3,7,14,15,42,75,76]ndustrially, sintering typically takes plade a muffle
type furnacewith a wire mesh belt convey§8,7,14,15,42,75,77Figure 2.8, that has a
thermal profile similar to the one shownhigure2.9. These furnaceoperate with three
differentzones. Namely those for dieibricaion, sintering, and coolingB].

The lubricant is removeds avapou phase during the dabrication stage which
typically takes place at 34&25°C for 1520 minuteg[1,3,23,75,76] The upper limit is
controlled by the onset of diffusional reactions between components of the pmeder
mix [55]. A directed nitrogen curtaiflows counter to the belt movement so that lubricant

vapor and other volatiles are prevented from entering the sintef%@8¢75]
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Precise temperature and dewiqtocontrol are necessary forthe sinter zone
[1,3,14,15,42,75] Sintering tempetare should be controlled ta5°C [1,2,7,20,23,42]
and temperatre across the belt widtehould not vary more that?2.8°C [1,3,27,75] The
dew point and thermal profile of éhsintering zone is normally checked weekly, while
complete furnace profiles are checked on a monthly hakisit the exit of the sinter
zone is a gas inlet where diverted curtains oftmated nitrogen are introduced to
maintain a lubricantand moistue-free atmosphere in the sinter zone and to prevent back
diffusion of cold nitrogen from the cool zoi@,75]. The gas flow is prbeated to the
sinter temperature to prevent the cooling of smaller ph@$

The parts exithe sinter zonén to a watejacketed sectiofi75] and experience
cooling rates of about-80°C per minute[73]. The protective atmosphere should be
maintained in the cooling zone until parts cool to at least@ar lesq23]. Afterwards
parts can be cooled to room temperaturaiig23]. At the exit of the cool zone, a depth
curtain mae of fibrous glass wool, 380cm long helps keep a dry atmosphere in the
furnace|3].

These furnaces cagpically sinterabout1000 t02500 parts per hour depending
on part shape and sif&]. A 6 inch wide mesh belt furnace sinters aboulb4fer hour
[75] while usingan 18 inch bélcan increas@roduction rates up to 250fer hour[2].

Belt speedsan be2-10 inches per minute because of the good thermal conductivity of

aluminum and short siet timeg[23].
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2.2.2.4 Structure Formation

During heating prior to liquid phase sintering (LPS)}here are several
transformations that occur on the surface of aluminum partidlesorbed water is
dehydrated, Al(OH)is decomposed to-Al 203, and amorphous ADs is crystallized tc-

Al203 [1,3]. The density and volume change associated with crystallizgtioand the
thermal expansion of underlying aluminunetal[3,78,79]is thought to crack the oxide
layer and expose bare aluminum.

The LPS of aluminurtopper based alloys occurs mostly under +sguilibrium
conditions but can still be interpreted via the equilibrium alumitopper phase
diagram[73], Figure 2.10. LPStakes place in at least tvatageq80], Figure2.11. The
first stage,which is characterized by volume grow{d0,48,55,57,58,66,69,74 8],
commences above 548 where contact melting of aluminum and copper partmbesirs
[52,53,55,57,58,72,888]. All metallic copper and surrounding aluminuparticlesare
rapidly consumed e avi ng beaefhfi & dtpghs siesdoftoriginal copper particles
[40,58,78,79,8487]. The appearance of the eutectic melt occurs locally and does not
induce any volume changf®0,84] Theliquid phase rapidly spreads over theface of
aluminum particlespossibly between metallic aluminum and @side layer in some
places[3,23,5153,55,57,58,89] and copperfrom the melt begins diffusing in to the
aluminum particles resultingg compact growth3,58,8084]. The compact growth stage
lasts a matter of minutes and occurs before the compact has reached the isothermal
sintering temperatur80]. The magnitude of growth surpasses the amount which can be
attributed to the diffusionfacopper from the me[B80]. The additional growth is probably
due to O6énegati ve r e aunifoanndiffesiore over dhe sudagesot d by

particles[48,80,84]
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The second stage of sintering, which is characterized by volume shrinkage
[40,48,55,58,66,69,74,884,86] occurs only if, for a given alloy composition, the
isothermal sintering temperature lies above the solidus and below the liquidus on the
aluminumcopperphase diagrari¥2,80,82,84,86]Figure2.10. As the temperaterof the
compact rises, the decreasing solid solubility copper, Figure 2.10, results in the
formation and decomposition of aper saturated solid solutido a liquid phase along
grain and subgrain boundariesthin aluminum particles[48,58,8082,84] Volume
shrinkage is brought about primarily by rearrangement of the fragmeahtiednum
particles from capillary forcef66,80,83,84] The contribution of solutiomeprecipitation
to densification is probably smdB0-83]. The majority of shrinkage occurs before the
compact has reached its isothermal sintering temperature, which makkisaly that the
composition of the liquid or solid is close enough to ildoium for the solution
reprecipitatiormechanismd occur{80-83].

Once the isothermal sintering temperature is reached, the melt becomes saturated
and the solid and liquid phase can be considered to be in chemical equilibrium which
allows for grain growth by the solutieneprecipitation procesg2,85,87, Figure 2.12.

During this stage a polyhedral structure is formed and the microstructure coarsens with
longer isothermal holding tim¢40,82,85,87]

Additions of magnesium enhance LPH and magnesium also plays a role in
redudéng the aluminum oxide laydi,90], probably via formation of the spinel phase
(MgAIl204) [1,90]. Magnesium is also thought to act as a local oxygetter[1]. In
magnesiurrcontaining alloys, the expansion event occurs earlier and the magnitude of
densifcation increase$55,91] The addition of magnesium as an elemental or Al

35wt%Mg eutectic master alloy leads to the fastest densification, but these alloys coarsen
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rapidly when sintered above 595 [92,93] Excessive sintering times can lead to
evaporatio of magnesium near the surf4@é,93].

Small amounts (<1wt%) of silicon also enhance LR®1]. However, these
alloys are more sensitive to sintering conditions due to the tendency of silicon to oxidize
[68]. Larger amounts of elemental silicon (2.5%bwt%) cause excess liquid during
sintering, slow the diffusion of copper and result in undissolved silicon along the grain
boundaries, even after long sinter tinigs).

Sintering may also be significantly influenced by the presence of trace elements
[91,94,95]and impuritied96]. This is usually a result of influencing the amount of liquid

phase presefi®5] or affecting surface tension and wettabi[#t,94].

Figure2.127 Structure formtion of AF6Cu sintered at 62C under vacuuni80,82] (a)
during growth stage; (b) during shrinkage staggafter shrinkage(d) after

isothermal holdEtchedx140 magnification.
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The sintering atmosphere plays an important role in densificili®@], Figure
2.13. During the densification stage under nitrogee, first rapid contraction is followed
by a second contraction with lower shrinkage rate and then a third rapid contridgtion
The second contraction event islated to the formation of individual nanoscale
aluminum nitride AIN) crystals inside poreld] which assist in densification by locally
consuming nitrogerand establishing a pressure differential. The third rapid shrinkage
event is due to pore filling bg persistent liquid whose meniscus forces are destabilized

by the pressure differential created by the formaticawhinum nitridg1].
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Figure2.131 Dilatometer curve of AB.8CulMg-0.7Si under argoand nitrogen91].

The expansion and initial shrinkage is similar under both atmospheres, but

the total shrinkage is substantially greater under nitrogen.
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2.2.2.5 Secondary Operations

Aluminum P/M alloys are highly responsive to a number of psisitering
operatons. For instance, thelyave acellent formability n the as sintered conditio
permitting sizing for close dimensionalcontrol, coining for a detailecdurface or
repressindor increasd strength2,3,14,15,23,26,42,50,73figure2.14.

P/M alloysalsorespond to precipitation hardening, in a similar manner to wrought
alloys, by natural or artificial agg [2,3,57,14,15,23,26,39,42,67,75,76;280]. They
are solutionized in airor controlled atmospherat 504538°C for 30 minutes and then
cold-water quenchef?3,26,27,67]

P/M alloys arethen naturally aged at room temperature for a minimum of four
days[27] or artificially aged atl65-200°C [67,85] In general, theyrecipitation harden
faster than their wroughtcounterparts [43,67] During aging precipitates are
homogenously distributed in the matrix, however upon -ageng d precipitates exist
preferentially at grain boundaries and pore surf§@ép The magnitudeof hardening is
primarily influenced bythe copper contenin solution and porosity, but grain size can
also have an effe¢67]. The presence aghagnesiummproves response to heat treatment
[93].

Sintered P/M bodies are also excellent prefoimngorgings[7,42,101]with scrap
loss reduced by 80% compared to conventional forgififjs Hot working collapses
residual porosity antireaks upmicrostructurakonstiuens (.e. oxides) so as to increase
interparticle bonding and densityl,101] Cold forming should be done in the as sintered
condition or within 24 hours of quenchif2g]. Some parts are formed after solutionizing

when they are the most ductj7].
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Figure2.141 Secondary operations on aluminum P/M pf2}s (a) oining for a detailed
surface; (b) machining with better chip characteristics thawrought

counterparts

The machinalility of P/M parts is excellenand actually superior to wrought parts
with respect to chip breaking characterist[es3,57,14,15,20,23,26]Figure 2.14. If
possible, parts should be machined after heat treatment for supenorbmEzking
characteristic§2,26]. Sintered carbide tooling is preferred since the sharp cutting edge
prevents smearin@6].

Most finishing operations can be applied to P/M alloys including: chemical
cleaning, mechanical finishing, anodizing, coloringectioplating, and painting
[2,3,7,14,15,20,42]Press fittingis a practical and economical methaod joining parts,
but joining by adhesive bondingr threaded fasteners is possifig]. Prior to joining,

parts should be solution treated for maximum ititic{26].

31



2.3 CORROSION BEHAVIOUR OF ALUMINUM bCOPPERALLOYS IN NEAR-NEUTRAL,
CHLORIDE -CONTAINING ELECTROLYTES

2.3.1 Electrode Processes

2.3.1.1 Cathodic Processes

The electrochemical corrosiai metals involvesathodic,anodi¢g andelectronic
and ionicconductionprocesseswith the total rate of corrosion being determined by the
processwith the rate limiting kinetics [102-108]. The resistanceassociated witlthe
cathodic reaction usually has the greaitgfienceon corrosion rat¢102-108].

The cathodic process ihg @rrosion of aluminum and aluminum alloys in near
neutral electrolytes and under atmospheric conditimmoseeds along two path&02-

113]: depolarization with hydrogen evolution and depolarization with oxygen iooizati
which act in parallel and indepdent of each other.

The cathodic process of oxygen reduction cossiEseveral staged02-108]: (i)
passage of oxygen from the atmosphere into the electrolyte, (ii) transmission of oxygen
by convection through the main body of solution, (iii) trarssiun of oxygen ttough the
static layer of electrolyte adjacent to the cathode, (iv) reduction of oxygen at the cathode
to hydroxide ions, and (v) diffusion of hydroxide ions away from the cathode. The
passage of oxygen into solutioits convection to tb cathode and the diffusion of
hydroxide away from the cathodgenerally do not influencéhe rate of the cathodic
procesqg102-108]. Oxygen diffusion to the cathode and oxygen ionization at the cathode
are the primary high resistance processes that fimitrate of the cathodic proces®.(

concentration and chemical polarization, respectij@é@2-108].
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Oxygen reduction at the cathode @eeds along two parallel pathdirect reduction of
oxygen to hydroxide iofl02-108,114,115]

(D O + 4 + 2H,0 = 40H

and reduction of oxygen to hydrogen peroxide, with the further partial reduction of
hydrogen peroxidgl02-108,114,115]

) Oy + 26 + 2H,0 = HO; + 20H

(©)) H.0, + 2d = 20H

The catlodic process of hydrogen evolutiaiso consist®f several stageld08]:
(i) transport of water molecules to the cathode, (ii) ionization of water molecules, (iii)
removal of hydroxide ion, (iv) recombination (chemical desorption) of hydrogen atoms or
electrochemical desorption of hydrogen atoms, (v) diffusion of hydrogen atoms or
formation and detachment of hydrogen bubbles. It can be considered to consist of the

following stageg$108]:

(4) H20 + € = Hags+ OH'
(5) Hads+ Hads= H2
(6) Hads"' HZO +é" =Hy+ ()HI

Hydrogen evolution is electrochemically independent from oxygenction but has an
indirect influence on the procefl8]. Evolving hydrogen bubbles agitate the electrolyte
and decreasthe difusion layer which can increasiee diffusion limited oxygen current

by up to 5094108]. Of the two cathodic processes, oxygen reduction has lower resistance
andis the predominant cathodic process, but there is still some hydrogen evolution that

occurs at open circuit conditiofis02-107].
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Aluminum is strongly polarized to potentials of hydrogen evolut[@62-
108,110,116,117]as are the aluminwgopper alloys Figure 2.15. Aluminum is an
inefficient cahode for oxygen reductidid02-108], not because of poor catalytic activity,
but because of its negative electrode potential and the instability of the oxide film in
alkaline condition4102-108]. Under cathodic polarization, alkali formed at the cathode
significantly affects the local pH108,116123] and, in the vicinity of the cathode,
dissolves the oxide film which shifts the electrode potential more negative due to

exposure of bare aluminufh02-108,117,119,120,122,124]
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Figure2.151 Cathodic polarization cungfor duralumin(i.e. AA2017-T4) in 0.5M NacCl
[102-107]. 1: direct course with agitated electrolyte; 2: reverse course with
agitated electrolyte; 3: with static electrolyte; 4: technical unatoy

aluminum in agitated electrolytbscissa is in Mxe.
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At potentials around 1.0Vsce or more negative, hydrogen evolution becomes
significant [102-107]. Aluminum is also a poor cathode for hydrogen evolufb®R-
107,123,125]However, &potentials arondi 1.5Vsce or more negative, the efficiency of
hydrogen evolution increas¢$10,111,117,11921,123,124,126]Figure 2.15, due to
total hydration of the oxide layer which renders it ionically condudil®,125,127]As
the hydrated part of the duplex film penetrates toward the metal, hydrogen evolution may
take place directly on aluminum metfl25,127] A stable oxide film cannot be
maintained111,119121,123,124hndaluminumdissolutionoccurs partly bya chemical
process[125,127] At potentials around 1.7Vsce or more negativethe formation of
aluminum hydride as an intermediate monolayer at the metal/oxide interface or in the

oxide before hydrogen evolutidiecomes possib[@25,127]
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2.3.1.2 Anodic Processes

In nearneutralsolutionsthe oxide filmon aluminumis stableandaluminum ions
can only enter solution by migrating through the oxide f{lh28]. The 3 valence
electrons of aluminum are in different orbitals%@s) so it is probable that oxidation
proceeds in a twatep process at the metal/oxide interfcEl]:

(7) Al=Al*+d

(8) Al* = A% + 2d

Reaction(8) is probably the rate limiting stefi11]. The formation of sulvalent ionsis

also resporible forthe sec al | ed oOnegat iy e( MIOR)2Handthece ef f
fact that the dissolution of aluminum has a Faradaic efficiency abf@81131,132]i.e.

aluminum dissolves ith an effective valence of 226 [118,130,131] So long as

Reacton (8) is the rate limiting step, a certain amount of #&ins are expected to react

with water and release hydrogen at the oxide/solution inteffdde133] The flux of Al

ions, and therefore the amount of lgglen evolved, is proportional to anodic polarization

which is in accordance witbbservationg111].

The anodic dissolution of aluminum is highly irreversiblés potential is well
below the stability of KO [129,132]and the Af* ion has a large hydiian energy{129].
This also means the anodic process is not susceptible to concentration poldri2atjon
Even if the concentration of Al exceeds the solubility product of the hydroxide,
precipitation occurs away from the electrode surtau# does ot influence the processes

occurring on the electrode surface

The difference between hydrogen evolution at open circuit and on anodic polarization is referred to as the

6di fference effect §108,129. AlumeumRa gsuahin thdt this diffeeetce is e

negativei i.e. hydrogen evolution increases linearly with increasing anodic cufelit,130] This
behaviour is referred to as the O-meutgabsolitiongl29i ff er enc
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The active dissolution of aluminumtisermodynamicallyossible at all potentials

noble toits standard electrode potential.90Vsce [111]. This potential represents

elemental aluminum withno impurities, an oxide layer possessing no electronic

conductivity or water permeability, in pure water with a pH oflZ1]. Considerable

active dissolution occurs above a characteristic breakdown potargial, h e

opi

tt

p ot e fL1l}. Abbvé thepitting potential, there are large increases in current associated

with localized attack or pitting111,120,122,133,13%38]. Above this potential the

oxide loses its stabilityand anywhere on the electrode surface is subject to attack

[139,140] The inerface is shown schematically ihigure 2.16. There may be an

induction period before pitting begifs11,121,141]
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Figure 2.16 1 Schematic representation of -8blution interfae in chloride solutions

[133]: (a) at the open circuit potential; (b) during thedingolarization.
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The anodic dissolution of aluminum is strongly affected by the chloride ion
[108,112,117,122,133,136,137,1424]. The pitting potential is not affecteg pH in the
range 411 [111,122,145] but becomes more negative with increasing chloride
concentratior{111,121,122,136,137,142,144,14%he activating effect of chloridmay
berelated tathe absorptionof chloride iong129,142,147)pr the formation of omplexes
[111,121,130,147%uch as: AI(OHCI, AI(OH)CI, AICI3, AI(OH)CI*, and AICE*, all of
which are highly solubl¢l11]. The adsorption of chloride affects the @fecfield in the
double layer,Figure 2.16, in a way that ecelerates the transport of aluminum ions
through the oxide layefl11]. Furthermore if chlorindbecoms incorporated into the
oxide film thiswould increase the number of charge carifigid].

On increasing anodic polarizatiai® high current densitiesdissolution goes
through an ohmitimited region and then a mass transport limited re@i@9]; in the
latter, dissolution is limited by convective diffusion. Aluminum is unable to form a salt
film in solution of less than 80% saturatidue to the vigayus hydrogen evolutiof130].
Whenanodic polarization is decreased from high values the dissolution potential deviates
to more negative valugd11,138]and upon cessatm a new open circuit potentis
established at more negative valy2385,146] This potential is also referred to as the
Orepassi vat i isthoughoto kerthe ireault 6f amaimcretase in anodic area on
the electrode surfad@35,146] The repassivation potential is not as strictly reproducible
as the pitting potential and isresewhat dependent upon the amount on anodic current
passed135]. The deactivation process occurs quickdg.(lms)[111] and may be related

to desorption of chlorinfl47].
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2.3.2 Electrochemical Characteristics of Intermetallic Phases

Traditionallythe interméallics in aluminum alloys have been classified according
to nobility conceptq144]. This is not an accurate representation of the corrosion of
aluminum alloys since it does not take into account kinetic information. A more
complete classification has dre proposedo be [144]: (i) noble particles with high
electrochemical activity, (ii) noble particles with low electrochemical activity, (iii) active
particles with high seltlissolution rates, and (iv) active particles with low-siisolution
rates.Some @rrosion potentials for intermetéc phases are shown iRigure 2.17. In
general, lhe most efficient cathodes are constituents containing iron or coppar
108,148,149] Oxygen reduction and hydrogen evolution kinetics agaaced on these
intermetallics [148-150]. The cathodic efficiency of ireoontaining intermetallics is
attributed to the stability of iron in alkaline solutiofst4]. Intermetallics containing
significant zinc, magnesium, or silicon typically do not steopassive regiofi44].

The M@Si compound actively dissolves unless at high pH (1J25]}]. It has a
very negative potentialc@. 11.5Vsce) and may be subject to selective dissolution of
silicon[151].

The corrosion of the CuMgAlphase is characteriddy selective dissolution of
aluminum and magnesiuftt37,148,151157], leaving a copper rich residue. Copper and
cuprousoxide (CuO) have been identified in the remnants of corroded CuMghy
electron[152] and Xray [158] diffraction. The dealloying accurs on both cathod[@56]
and anodid137,152155] polarization. Its mechanism is not complgtunderstood. The
oxide layeron CuMgAb is not very protective and once broken down magnesium
selectively dissolve$159]. It is thought that the dissolutioof magnesium prevents

repassivation and results in the simultaneous dissolution of alunjirigh
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After dealloying, the copperich remnant reorganizes into aystalline nanoporous

structureo r 6sponged

wi t h

\165,1%9] ahd enlmances] wxryfea c e

reduction kinetic§148,155,156] Any cathodichydroxide producedurther destabilize
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aluminum buthas no effect orcopper[155,159] There is evidence for nefaradaic
liberation of dealloyed copper clusters by convective forf¥Es6]. It is considered to be
a borderline casas to whethelCuMgAl, de-alloys to a mechanically stable structure
[159].

The CuAb intermetallic behavessimiladly to CuMgALk in that it is subject to
selective dalloying of aluminum[123,160] Dealloying may proceed by selective
dissolution of only alminum or the dissolution of aluminum and copper and then
redemsition of coppef160]. In situ atomic emission spectroelectrochemistry (AESEC)
suggests that CuAlis not susceptible to the sammechanism ohonFaradaic liberation
of de-alloyed copper clsters as CuMgAlI[123]. CuAl> has a high cathodic Tafel slope
which indicates an oxide film is present and stable on cathodic polarigg#8h This is
consistent with observations that the cathodic behaviour of LsAhot affected by
increases in pH151]. XPS studie®f CuAl: indicatethat metallic copper may h@esent
in the oxick film or enriched at the oxideétal interfacg150].

The ironcontaining intermetallics Fedfl Al:CwFe, Ab«Cw(MnFek, and
(FeMnXxSi,Al1s arenot significantly affectedby increases in pfl37,144,148,151,161]
probably due to thetability of iron in alkaline solutiongl44,151] The AkCwFe phase
supports remarkd high cathodic currents (>DPiAcm'?) andbecomes a more efficient
cathode at higher pH[144]. The FeA}, Al>Cw(MnFek, and (FeMmSiAlis

intermetallics are subject to-@oying of aluminun{137,161]
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2.3.3 Localized Corrosion
2.3.3.1 Passive Film Breakdown

The thickness of the natural d#ormed oxide layer on aluminuns usually
between 15@50A but varies depadingupon environmental conditioffi$08]. It contains
absorbedwater vapourand a small amount of carbon dioxid&62]. It has a duplex
structure with an inner barrier layer consisting of mostly amorpho@:/&ind a porous
outer layer that is partiallyylrated[113,162,163] The oxide film is virtually insoluble
between pH 48[111,132,162]

Pitting is the result of several proces$&42]: adsorption of chloride on the oxide
surface, penetration of dride ions through the oxide film, and localizedsdisition of
aluminum at the metal oxide interfadéigure 2.18. In solution, the outer layer of the
natural airfformed oxide film is covered with a layer of hydroxyl groups whose charge is
determined by its Lewiscaéd-base propertiegl42]. The isoetctric point of the natural
air-formed oxide on aluminum is at pH of 9 @/5[111,142] which means in neutral
solutions the electrode sucka acquires a positive chardeeaction 1 inFigure2.18, and
is susceptibléo adsorption of chloride ion&eaction 2 irFigure2.18 [142]. Adsorption
is primarily the result ofcoulombic forces andnduction of the adsorbentybthe
approaching chiade ion[142]. There is considerable evidence supporting the adsorption
of chloride[111,121,122,133,142,147,164]

The chloride ion may penetrate the oxide film via oxygen vacancies
[111,121,142] O wat e r[142] hoealzeddilm sliésolution or thimng[111,142] or
an ion exchange mechanism caused by complexing affihit§]. Partial penetration
through local flaws or cracks in the film is also poss[tK2]; cracking may be a result

of stresses induced by adsorbed chlofidd].
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Figure 2.18 7 Electrode kinetic scheme for pit initiation on pure aluminum in chloride
solutions [142]. In Al(oxide)OH 'Al' represents theatornrs immediately
belowthe oxide layerand'OH' representshe outer layer of stiace hydroxyl
groups. \b Arepresents aoxygen vacancy ithe oxidefilm. Clo aepresents a

chloride ion occupying an oxygen lattice site.

After penetration, dissolution of aluminum occurs at the metal/oxide intarfaxaseries
of oneelectron transfereactionsReactions &, Figure2.18 [142]. The water necessary
for dissolution may exist in the oxide film itself or can penetrate through pores, cracks, or
structural defects at impurities or surface heterogendit#?]. Pits are associated with
blisters underneath the oxide layer which form, grow, and eventually rupture due to
hydrogen pressui@42].

Pits alsoform on cathodic polarizatioms a result of local alkalinitj119,120]
especially in the presence of oxyd@dQ]. Cathodic pits are about ZDum in diameter,

with pit diameter increasinig proportion tgpolarization[120].
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2.3.3.2 Localized Corrosion Involving Intermetallic Phases

Intermetallic phases are associated with a distioealized attack morphology
knownasot renchingé where circumferenti al pitt
a ring of attack around the periphery of partidi&sl]. Cathodic trenching is trenching
caused by alkaline attack from hydroxide ions produced by cathodic reactions occurring
on the intermetallid148,149] The trenches can grow large enough that the cathodic
phase becomes dislodged from the electrode and the area repafbABieA]

Anodic trenching is caused by galvanic coupling of the matrix and intermetallic
[149]. The matrix surrounding soluble coppeontaining intermetallics is depleted of
copper and as a result has a more negative pitting potg®52] This mechanism is
supported by the observation that trench characteristics are influenced by chloride ion
concentrationi which hasno effect on oxygen reduction kinetics, but influences pitting
potential[149].

CuMgAl> is initially anodic to the matri{144,148,154] It is subject to de
alloying of aluminum and magnesium, preferentially from edges[fiBt,132-155], and
its coppefrich remnants eventually become cathodic to the matrix
[137,148,155,156,159,165,166The porous dalloyed structure is subject to non
Faradaic liberation of copp§t66], Figure2.19. Coppe containing clusters (:000nm in
diameter), which are mechanically removed by convection of the electrolyte, are held in
the corrosion product gel and transported by conve¢fibf,165] The copper clusters
are electrically isolated from the electrodelattain their own natural corrosion potential
which allows for their oxidatiofil59,165] The copper ions can then bedemsited on
the matrix causing secondary pittififc9,165]or redemsited on other cathodic particles

[148,155]
44



— Solution floW —

) Cu = Cu* + 2¢’
corrosion product - hydrous gel

o \ Cu?* + 2H,0 — Cu(OH), + 2H*

Cu® +2e = Cu

secondary pitting

dealloyed region

c-Al matrix

Al + 3H;0 —+ AIOH), + 3H" + 3¢
Mg + 2H.0 — Mg(OH), + 2H' + 2e’

Figure 2.19 1 Schematic illustration of a mechanism for redistribution of copper by
dissolution of largeCuMgAl2 and CuAl intermetallic particles in aluminum
alloys[166].

Trenching isalsoobserved around CuA\[148,152] possiblythe result of CuAd
locally polarizing the surrounding matrix above its pitting poterifidB]. Aluminum is
dealloyed in a similar manner to CuMgAlFigure 2.19 [159,165] howeverin situ
AESEC seemsd suggest that it is not susceptible to the-Raradaic liberation of de
alloyed copper clustefd23].

Trenching is also observed arounco@x(MnFe) [149,152,153]but less than
the copperich soluble intermetallic§149] and only after other active grticles are
consumed [137,153] AloCw(MnFek is expected to be cathodic to the matrix

[148,153,155hndcan be a site for the deposition adsblved copper in solutigi55].
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2.3.4 Effect of Major Alloying Elements

In general, increasing the copper contergduces corrosion resistance
[108,113,167172]. The amount of copper in solid solution primarily controls the
electrode potentiglll] but the presence of CuAbllso has some influend&73]. The
corrosion and pitting potential become more noble witheiasing amounts of copper
[139,172,174,175]The pitting dissolution rate decreases with copper in solid solution
[175] and pit interiors become enriched wittopper[174]. Copper in solid solution
enhances oxygen reduction currents on the m§idd]. Cooer has a low hydrogen
overvoltage and significantly increases the amount of cathodic hydrogen evéliition
108,117,123] Pure aluminum corrodes with only oxygeeduction but annealed
duralumin {.e. AA2017) corrodes with equal amounts of oxygen radacand hydrogen
evolutionat open circuit conditions 0.5M NaCl[108]. When copper is present as CpAl
it increases the amount of hydrogen evolution without affecting oxygen red{t6i8h
The ratio of hydrogen evolution to oxygen reduction remainsstemt even under
different conditions of aeration

Coppercontaining intermetallics act as efficient cathofl€32-108,148,149jand
also affect the continuity of the oxide filfd02-108]. The morphology of the copper
containing intermetallics determinéise magnitude of their effect on corrosion rate. A
larger amount of electrolyte is involved in diffusion to the edges of cathodic inclusions,
so the limiting diffusion current for oxygen reduction is related to not only the cathode
area but also the cattie® perimetef102-108,176] Thissec al | ed O0edge ef f ec:
large effect depending on the size and distribution of precipifa@%108,176] Any
copper is also a potential source for dissolution and catlredaposition of metallic

copperwhich accelerates corrosiq©63,164,168,177]
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Moderate additions (0.5wt%) of agnesium improvecorrosion resistance
[113,167,170] Higher amounts of magnesium decrease corrosion resiqtir@k It is
postulated that magnesium ions may affect the cathodiegsat incorporated into the
oxide film [164]. Silicon has a beneficial effect in the range-0.8wt%[170,178] If free
silicon ispresent it igletrimental167,168]

Manganes&<0.6wt%)improves corrosion resistanfe57,169,170] especially in
the presence of 0.8.6wt% silicon[170]. Compounds of manganesan absorb some
iron which helps prevent the formation of more harmful 4reh intermetallics
[113,167,168,178]Manganese does not counteract the negative effects of nickel or cobalt
[167]. Largeamounts of manganese (>1.5wt%) form ternary compounds with aluminum

and copper that decrease corrosion resistgii&:170]

2.3.5 Effect of Minor Alloying Elementsand Impurities

In general,the presence ofmpurities has a detrimental effect on corrosion
resistance [129,167,168,178,179] however their microsegregation e(g. to grain
boundaries or the surface filmjs more important thanthe impurity content
[111,167,168] Impurities may affect the electrode potential and corrosion rate
[111,135,145]but geneally do not change the pitting potent{dl11,136,145]or affect
dissolutionrate at currentdensities above 0.01nefn' 2 [111]. Impurities usually affect
the cathodic proce4480,181]and typically increase the amount of hydrogen evolution
[111,120] The most common impurities in aluminuoopper alloys are iron, nickel, tin,

lead, zinc, and antimor{{t78].
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Iron is the most common impurity and is detrimental to corrosgsnstancan
contents from 0.-2.5wt% [113,170,171,178]Its compoundsact as efficien catlodes
[102-108,148,149] affect the continuity of the oxide filMil02-108,162]and enhance
aluminum dissolutiorf182]. It forms a compound with aluminum and copper kaAl,
which supportscathodic current®rders of magnitude larger thather intemetallics
[151]. Nickel behaves similarly to iron ands harmful to corrosion resistance
[113,171,178]

Tin (0.20.7wt%) has a negative effect on corrosion resistght8,178,183]
Lead (0.30.7wt%) and antimony (0-Q.6wt%) are not detrimental to corrosiresistance
[113,169,178,183]

Zinc (<1wt%) is usually present in solid solution and has no detrimental effect on
corrosion or stress corrosiqth78,183185]. It may have a slight effect on the pitting
potential and cathodic currefit86,187]or increasethe potential difference between the
matrix and CuAd [169].

Titanium (0.2wt%)is usually added as a grain refiner amas no effect on
corrosion resistance[171,183] but has a beneficial effecton resistance to SCC
[113,178,188192]. It may slightly shif the corrosion or pitting potenti§l91,193]and
also the potential difference between the matrix and €[18I3]. The use of niobium
instead of titanium as a grain refiner has no adverse effect on corrosion redistdrice
Chromium (0.2wt%) improveresistance to corrosion and SQC13,178,183]but its

effect is less than is seen in other aluminum alleys.Al-Zn alloys)[178].
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2.3.6 Effect of Thermomechanical Treatment and Sequence History

Metal working and heat treatment procedures bring about chamgéucture that
can have a dramatic effect on corrosion behaviour, particularly: resistance to intergranular
corrosion (IGC), stress corrosion crackingSCC), and exfoliation corrosion
[113,171,178,193,194]

If the quench rate after solution heat treant is too slowor there is delay
between removal from the furnace and quenchimgye is excessive precipitation at grain
boundaries which lowers resistance to IGC, SCC, and exfolig®hl13,157,194]Thee
areresidual stresses from quenchimngich are compressiveear the surfacand actually
enhance resistance to SC@13,194] However, subsequentnachining operations
frequently leave the tensile area exposed which lowers resistance to [$@AL
Stretching after quenching helps relieve stresses iamproves resistance to SCC
[113,194,195] During artificial aging, resistance 1G6C andSCC drastically decreases
with short aging times and then increases as full aging is approgd8d94,195] The
changes inGC andSCC resistance are the resultlee potential difference between the
grain bodies and the coppeepleted area near the grain boundalds,174,194197],
Figure2.20. The coppetdepleted region is anodic to the grain interiors and to thae grai
boundary precipitatefl13,174,194197]. The bestresistance tdGC and SCCoccurs
whenprecipitationoccursevenly throughout the matr[2£13,194]

Working changes grain structure to the extent that IGC, SCC, and exfoliation
resistance are affect¢tiod]. Long, thikeboOpgamcale are the
exfoliation [113,194] The resistance to SCC is best in the longitudinal direction and

worst in the short transverse directi@i3,194,195]
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Figure2.201 The potentials of the grains and grain boundaries of a#wA%Cu alloy
which was heatreated at 930 (500C), quenched in cold water, and aged
at 375F (190C) [195]. Solution of 53¢ NaCl + 3d."* H20.

Sheet product is thin enoughat it is fully recrystallized during heateatments
and is very resistantio SCC in all direction§113,194] Plate products areot fully
recrystallized during heat treatments and cannot keeaned as rapidly as thin sheatd
are more susceptible to GC than sheefl113,194] The centerof the platecontains
elongated grains which are susceptible to SCC, especially in the short transverse direction
[113,194]

Rod and bar product hasmilar SCC resistance to plate prod{t13]. It has
superior SCC m@stance in the longitudinal directicand poor SCC resistance in the
transversedirection [113,194] Extrusions have a SCC resistance similar to rolled
products[194]. The recrystallized outer surface band extrusionss not susceptibléo

exfoliation[113,194]
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The corrosion behaviour of forgingependsipon metal flow patternd13,194]
Their SCC resistance is similar to extrusions and rolled profiL@4d but typically have
lower resistance in the longitudinal directias a result ohorruniform metal flow[113].

Forgings may also be more susceptible bec#usie residual stresses from quenching

cannot be redived by stretching or pressifil3].
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CHAPTER 3 EXPERIMENTAL

3.1 POWDER METALLURGY PROCESSING
3.1.1 Compaction

Green compact O&épucks @25efpewdepeedix in by
15mmdiameter, tungsten carbide, floating die assembly manufactured by-Qiealiac.
(St. Marys, Pennsylvania, U.S.ARigure3.1. Compacting pressure was applied using
SATEC Series 559400HVL load frame (MN capacity) manufactured by Instron
Industrial Products (Grove City, Pennsylvania, U.S.Ahe desired compaction pressure
was approached in a steyise maner with a loading rate of 2lN. Samples sintered
industially were all compacted a800MPa. Samples sintered ithe laboratory were

compacted at: 100, 200, 300, 400, 5&%BOOMPa.

Figure3.11 Floating die assembly for powder compaction.
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3.1.2 Sintering

A portion of samples were sinterachongst industrial productioat GKN Sinter
Metals (Conover, North Carolina, U.S.A.). This plant regularly sinters Alumix 123 parts
in high volume.The samplesvere sintered undex nitrogen atmosphere in a continuous
wire mesh belt conveyor furnace empluyistandard operating conditions for industrially
sintering Alumix 123. The pucks were placed on a shallow tray which was then placed on
the wire mesh belt conveyor of the furnace. The pucks were oriented on the tray so that
the flat circular face of theyek that was in contact with the lower punch dunpagvder
compaction was adjacent to the tray.

Samples sintered ithe laboratory were done sim a Lindberg/Blue M 3zone
horizontal tube furnaceith a stainless steel retpRigure 3.2, manufactured byrhermo
Electron CorporatiorfAsheville, North Carolina, U.S.A.During the entire sinter cycle
the temperature in the immediate vicinity of the compacts was measured with a
thermocouple connected a digital thermometer with aessitivity of 0.FC. Prior to
sinterirg the furnace was evacuated Raj and purged with nitrogen twic€he sinter
cycle consisted of a 30 minute digbrication stage at 40C followed by a 20 minute
sinter at595’C. The entire sinter cycl®ok place uder an atmosphere of flowing (20L
per minute)ALPHAGAZ 1 nitrogen £99.999%pure; HO: <3ppm; Q: <2ppm) sold by
Air Liquide America Specialty Gases LL@Houston, Texas, U.S.A.After the sinter
cyclewas completed, samples were gas quenched in a watledgacket and remained
under flowing nitrogen until their temperature reached°CQ@pon which they were

removed from the furnace and air cooled to room temperature.
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Figure3.21 Horizontal tube furnaefor sintering.

3.1.3 Sizing

Samples were sized usitige same load frame used fowdercompactiorbut in
a larger (30mm diameter) die assemblyorderto accommodate the expansiontbé
samplesas a result of sintering. The die assembly used for sizagyofl the same type
and manufacture as used for powder compagctacept containing the larger diameter
die. Prior to sizingsamplesthe peripheries of their flat circular faces werarefully
deburredi the sampls wereheld at an inclination and the gek abraded using motion
and force applied by hand againgtiece of stationar§iC paper.

Sizing fluid was obtained from GKN Sinter Metals (Conover, North Carolina,
U.S.A.) andas per industry norm was diluted with 3 parts water to 1 part sizing fluid i
order to emulate industry as much as possible. As per industry recommendations,

immediately prior to sizingsamples were thoroughly cedtby full submersion in to a
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container of sizing fluidDuring sizing, he pucks were oriented so that the flat dec
face of the puck that was in contact with the lower punch dyrowgdercompaction was
in contact with the lower punch during sizif@nly industrially sintered samples were
sized.The sizing pressure was approached in a-siep manner with a loadinrate of
2kNs . Sizing pressurewere 100, 200, 300310, 390, 400, 460, 500, or 6@Pa
Samplesthat were corrosion testedere all sized aB10MPa which corresponds to a

reduction in height of 5%.

3.1.4 Processing Response

The change in diameter, heightidamass of samples upon sintering and the
change in height of samples upon sizimgre measured. Diamet wasmeasured using
calipeas with a sensitivity of 0.01mm, height waseasured using micrometemwith a
sensitivity of 0.001m, and nass was measureadsing a scale with a sensitivity of
0.0001g.

Green and sintered density was measured in accordanceMeitl Powder
Industries Federation (MP) Standard 42.Specimens were weigheith air and in
deionized water containing small amounbf wettingagent Specimens were suspended
in the deionized water by.12mm diameter copper wire usirtgh éwist&d wire
arrangemend The temperature of the deionized water was measured by a digital
thermometer with @ensitivity of 0.1°Candits density calculatedwith correctionfor the
presence of dissolved according taecentequationd198] which are recommended by
the National Institute of Standards and TechnoloiyyST). The presence ofsolid

lubricant in the powderpremix effectively sealed thexterior of thegreen compacts
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during compactionso that no oil impregnation was necessary. Green density was

calculated using the following equation:
@ -

Prior to weighingthe porous sintered samplesdeionized waterthey were sealed by
vacuum oil impregnation at room temperatuiidhe specimensvere submersed in
hydraulic oil of ISO vscosity grade 4@nd the pressure over the sample was reduced to
<7kPa and held for 30 minutes. Afterwards the pressure was increased to ambient
atmospheric pressure and the specsneerekept immersedor 30 minutes.Sintered

density was calculated ugthe following equation:

(19

The theoretical density of Alumix 123 was calculateadn its nominal composition as
2.777gcm? according to the equatiofidm the Aluminum Associatin (Arlington,

Virginia, U.S.A.).

3.2 ELECTROCHEMICAL TESTING
3.2.1 SamplePreparation

Wrought AA2014-T6 test specimensvere prepared from 3.25 inch (83mm)
diameter extruded rodo that the transverse plane was in contact with the electrolyte
during electrochemidatesting The rod was sectioned with a bandwsalong the
transverse plane o 4mm thick slices and a hesawdrilled in to the longitudinal plane

of the slicesvas used to extract 0.625 inch (15.9mm) diantettrspecimens
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Wrought AA2014T6 test speimens and laboratory sintered Alumix 12BL
samples wergolishedusing standard metallographic techniquesnediately prior to
electrochemical testingSamples were abraded on successively finer griteeafSiC
paper (240, 320, 400, and 600 grithen polished using successively finerl-based
diamond suspensions (9, 6,ad £m) on manufacturer recommended polishing clothes,
cleaned ultrasonicallyn acetone and them deionized water, and finally thoroughly
rinsed with deionized water and dried using a hand drier. The SiC paper, diamond
suspensions, and polishing clothesevieomBUEHLER (Lake Bluff, lllinois, U.S.A.).

Industrially sintered Alumix 1231 s ampl es wesénteséedd was
polishing butthe peripheries of their flat circular facéad to be deburred so that a
sufficient seal and electrical contact abule maintained during testinfhe samples
were held at an inclination and the edges abraded using motion and force applied by hand
against a piece of stationary SiC paper. $hdaceof the flat circular face which was
exposed to the electrolyte duritgsting was not disturbed by the deburring operation.
During testing thesample was oriented so that the flat circular fadgch was in contat
with the upper punch during powder compactivas exposed to the electrolyte.

Industrially sintered and sizeflumix 123T2s amp |l es wegsiezeé & twidt |
no polishing These samples were previously deburred prior to the sizing operEtiese
samplegetained some sizing fluid in their pores and on their suridgeh was present
during testing During eletrochemical testing, the sample was oriented so that the flat
circular face which was in contact with the upper punch during sizing was exposed to the

electrolyte.
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3.2.2 Electrolyte Preparation

All electrochemical testing was conducteda naturally aerated.®Bwn% NacCl
electrolyte. Thesolution was preparedimediately prior to electrochemical testinging
analyticalgrade NaCl(>99.0% assay)btained from Fisher Scientific (Fair Lawn, New
Jersey, Uu.sS. A.) and ul tr apqA&nd obtaifey from al o
DirectQ® 5UV-R water purification systemFigure 3.3, manufactured by EMD

Millipore Corporation Billerica, Massachusetts, U.S)A
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Figure3.31 Water purifcation system for electrolyte preparation.
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3.2.3 Electrochemical Cel& Potentiostat

Standard electrochemical instrumentation consisting of a three electrode bulb cell
connected to Modd 273A Potentiostat/Galvanostatanufactured by EG&G Princeton
Applied Regarch (Princeton, New Jersey, U.S,Aghich incorporated a grounded
electrometerwas used for electrochemical measuremehigure 3.4. The potentiostat
was connected to desktopcomputer and controlled via Céviare® software sold by
Scribner Associates, In¢Southern Pines, North Carolina, U.S.Alhe potentiostat was
calibrated by the use of a laborato@a d e 6 dummy cel | . 0

The standard three electrodd. glassbulb cell contaired a working electrode
assemblythat exposé a nominal area obxactly 1cm of the test specimen to the
electrolyte, two high purity fully dense 0.25 inch (6.35mm) diameter graphite counter
electrodes, and a saturated calomel reference eledi®iie) (KCI( s d) { HpClx(s) |
Hg(l) | P), Figure3.4.

Apart from the reference electrode, the entire electrochemical cell was comprised
from the Model KO047 Corrosion Cell System and Model KO105 Flat Specimen Holder
manufactured by Princeton Applied Rasch (Oak Ridge, Tennessee, U.S.A.). The
working electrode sample holder was composed of 303 stainless steel encapsulated in a
rigid fluor-»8@é bandoffbézalea around the te
6DuPont Kal rezo f | asher,lBgure B% dhe sampla bolder mse r w
suspended in the electrolyte by a 303 stainless steel rod which screws into the top of the
sample holder. The rod is isolated from the electrolyte by a glass tube whiecters twe
the working electrode body with a DuPont Kalrezi@y and kept in place by a thumb

nut and Teflon washeFigure3.5.

59



Saturated || Working ||Graphite
Calomel ||Electrode ||Counter
Reference || (1cm?) Electrodes |
Electrode . o

P

FNURLED THUMB NUT
FLAT FLAT WASHER
;m\gf/mmsmm
i-_

Figure3.57 Schematic of the working electrode (frdtninceton Applied Researth
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The reference electrode was a glass b&éddgumet® SCE with a porous ceramic
junction manufactured by Fisher Scientific (Fair Lawn, New Jersey, U.Sakd was
brought in close proximity to the working electrode @&uggin capillary which was
filled with 3.5wt% NacCl electrolyte and equipped with an ultra-lok ak age &6éVycor
The rekrence electrode was regularly checked against a laboratory standard.
Electrochemical tests were conducted in approximately 900mL of 3.5wt% NaCl
electrolyte under naturally aerated conditions at ambient temperatw& 22 During
testing approximately 237 of nominal counter electrode surface area was in contact
with the electrolyte. All current densities are based affribminal area of test specimen

exposed to the electrolyte (1ém

3.2.4 Open Circuit Potential

The potential of theworking electrodeunde open circuit conditions was
monitored versus time for a period of 1 hour for the wrought samples and 2 hours for the
P/M samplesThe P/M samples were monitored for a longer period of time because they
were highly nonplanar and took longer to equilibeatvith the electrolyteThe potential
at the conclusion of the test is referred tor@to pen ci r cui tPrigrtmallent i al
subsequentapplied-potential electrochemical testinghe open circuit potential was

monitored and allowed to stabilizerfthe times indicated above
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3.2.5 Potentiodynamic Polarization
3.2.5.1 Cathodic Polarization

During cathodic polarization the potential of the working electrode was varied
continuouslyat a rate of 0.1667mV5s(0.6Vhr'1) from the open circuit potenti@OCP)to

12.00VscE

3.2.5.2 Cyclic Polarization

During cyclic polarizationthe potential of the working electrode was varied
continuouslyat a rate of 0.1667mV5s(0.6Vh'Y) from a potential more negative than the
OCP to a predefinednodiccurrent density or potential arlden the direction of the scan
was reversedo the cathodic directiomntil a predefined potential was reachddhe
characteristic test potentials and current densu@ged between different samples and
are outlined below.The polarization curves werenalysed using the CorrVieW
software sold byscribner Associates, In€Southern Pines, North Carolina, U.S.Alhe
corrosion currenicor) and corrosion potentigEcor) of all samples were found by Tafel
extrapolation;however the method of extraption had to be modified for different
samplesas outlined below. For all samples the repassivation potefifighsy was
defined as the potential where taeodiccurrent density reaches a value ofAlon the
reverse scan.

For wroughtAA2014T6 samplesthe potential of the working electrode was
varied from i 0.875Vsce until an anodiccurrent density oD.01Acm'2 was reached and

then the direction of the scan was reversethe cathodic directionntil a potential ofi
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1.000Vsce The corrosion current wdeund by the intersection of manuafijted anodic
and cathodic Tafeturves.

For industrially sintered Alumix 1231 samples the potential of the working
electrode wasaried continuously froni 1.250Vsce until an anodiccurrent density of
0.0JAcm'? wasreached and then the direction of the scan was revessi cathodic
directionuntil a potential ofi 1.000Vsce The anodic branch of the polarization curve of
these samples displayed rodafelian dependence and could not be accurately
extrapolated by # conventional meansThe corrosion current was found by the
intersection othe manuallyfitted cathodic Tafel curve with the corrosion potentidie
passivecurrent (pasy Wastakenas the current deity immediately prior to breakdown at
the pitting ptential

For industrially sintered and sized Alumix }23 samples the potential of the
working electrode wawaried continuously froni 0.875/sce until an anodic current
density of 0.0Acm'2 was reached and then the direction of the scan was reverses
cathodic directioruntil a potential ofi 1.000Vsce. The corrosion current was found by the
intersection of manual¥itted anodic and cathodic Tafel curves.

For laboratory sintered Alumix 1ZB1 samples the potential of the working
electrode wawaried continuously fromi 1.250/sce until a potential ofi 0.400V sce and
then thedirection of the scan was revergedhe cathodic directionntil a potential ofi
1.000Vsce The anodic branch of the polarization curve of these samples displayed non
Tafelian depedence and could not be accurately extrapolated by the conventional means.
The corrosion current wdsund by the intersection tfie manuallyfitted cathodic Tafel
curve with the corrosion potentialhe passive currenipgsy was taken as the current

density immediately prior to breakdown at the pitting potential.

63



Corrosion rate was calculated frooorrosion current in accordance with ASTM
G102. Equivalent weighEW) was calculatedhased off nominal composition and as per
norm only alloy components pe# in amounts over 1wt% were includedeaning for
both AA2014T6 and Alumix 123 calculations were made for an alloy containing
95.5wt% Al and 4.5wt% Curhe valence of aluminum and copper were taken to be 3 and
2 respectively and the equivalent weigBW) of the alloys calculated to be 9.29 gram

equivalents. Corrosion rate (TR mmy'! was calculated by:
1) 6Y og x pm —Ow

where corrosion currentcr) i s i n'2 andAdensity J() is in gcm?®. The dengy of
AA2014-T6 was taken as 2.80gttnas per the Aluminum Association. The sintered

density of Alumix 123 was used for corrosion rate calculations.

3.2.6 Potentiostatic Polarization

During all potentiostatic polarization experiments curtesmsients wereecorded
as a function of timand at rate of 1 point per secodl sample types were subject to
the sameotentiostatic testd?otentiostatic polarization experiments were conductéd at:
1.100Vsckg, 10.750/scg, andi 0.700/sce for 6 hoursandat i 1.500V sce andi 0.500V sce
for 3 hours.These potentials were identified as points of interest from potentiodynamic

polarization experiments.
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3.3 MATERIALS CHARACTERIZATION
3.3.1 Chemical Analysis

Chemical analysis by inductively coupled plasma optical emission spectroscopy
(ICP-OES) wasperformedby the Minerals Engineering Centre (MEC) at Dalhousie
University using a Vistd’ro CCD Simultaneous ICBES Figure 3.6, manufactured by
Varian, Inc. (Palo Alto, California, U.S.A.). All samples were anatlyzising standard
operating procedures and alongside appropriate quality control samples certified by the

National Bureau of Standards (Washington, D.C., U.S@hemical analysis of Alumix

123 was performed on a sintered compact.

Figure3.61 Inductively coupled plasma emission spectrometer for chemical analyses.
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3.3.2 Particle Size Analysis

Particle size measurements weerformedby theMEC at Dalhousie University
using a Mastersizer 3000 laser diffractymarticle size analyzeFigure3.7, manufactured
by Malvern InstrumentsMalvern, Worcestershire, United KingdpnParticle size was

analyzed using standard operating procedures. Methanol was used as a dispersant.

Figure3.71 Laser diffraction particle size analyzer.

3.3.3 Optical Microscopy

Optical micrographs were captureth monochromeusing a BX51 light
microscope and DP71 digital cameraigure 3.8, boh manufactured by Olympus
(Shinjukuku, Tokyo, Japan), andmagePro 6.3 software sold biedia Cybernetics
(Bethesda, Maryland, U.S.A.Alumix 123 premix was mounted in epoxy resin by
mixing 2 parts pranix with 3 parts epoxy resjras per literature cemmendation§s1],

andthenpolishedusing standard metallographic techniques. To view the microstructure
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of air atomized aluminum particles, tmounted preni x was et ched wusi:
reagent. All otheisamples were etched in a solution of 2g NaOHN&g, and 93mL

deionized HO.

Figure3.81 Optical microscope and digital capture system.

3.3.4 Scanning Electron Microscop

Electron micrographsvere capturedising aModel S-4700 cold field emission
scanning electron microscope SEM), Figure 3.9, manufactured by HitachHigh-
TechnologiesCorporation (Minateku, Tokyo, Japan)The SEM contains an integrated
INCA X-MaxN 80mm silicon drift @tector (SDD)manufactured by Oxford Instrumisn
(Abingdon Oxfordshire, United Kingdom) that is used for energy dispersivayX

spectroscopy (EDS). For imaging, the SEM was operated with a 10kV accelerating
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voltage and 28A emission current. For EDS, the SEM was operating with a 20kV
accelerating vikage and 18A emission currentThe working distance was always kept
close to 12mmin order to analyse Alumix 123 powder prex it was secured to a pin
stub mount with silver chloride paste. Prior to analysis in the SEM, sized P/M samples
were treatedn a Soxhlet apparatus for 8 hours with petroleum ether to remove sizing
fluid.

To analyse cross sections some samples were mounted by vacuum impregnation
with a low viscosityself-curingresin, sectioned, and polish&kfore mounting, the sized
P/M sample were treated in a Soxhlet apparatus for 8 hours with petroétiento
remove sizing fluid. Prior to examination in the SEM, mounted samples were carbon
coated using a DM,02A high vacuum evaporator platform manufactured by Denton

Vacuum (Moorestown, Ne Jersey, U.S.A.).
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Figure 3.9 T Scanning electron microscope with integrated energy dispersikay X

spectroscopy system.

3.3.5 X-Ray Diffraction

X-ray diffraction (XRD) patterns were collected usigKm ra d i a t=1.54k) ( &
in a D8 ADVANCE Xray diffractometer Figure 3.10, manufactured by Bruker
(Madison, Wisconsin, U.S.A.) operatingth a tube voltagef 40kV and a tube current

of 40mA.
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Figure3.107 X-ray diffractometer.
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CHAPTER 4 MATERIALS

Alumix 123 was obtained from ECKA Granules Germany Gmbttth Bavaria,
Ger many) as a -nipxr esantraeiandiyndbg plr.eS5wt % admi x
lubricant and blended by the manufacturihe product was analysetly the
manufacturerand certifiedto quality control standardfor particle size distribution,
apparent density, flowability, and chemicaimposition.

Wrought AA2014T6 was obtained as a 3.25 inch (83mm) diameter extruded rod
from the Tennalum Division of Kaiser Aluminum (Jackson, Tennessee, U.S.A.) and

conformed to ASTM B211 and AMQQ-A-225/4 standards.
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CHAPTER 5 CHARACTERIZATION OF RAW MATERIALS

5.1 ALumix 123

The analysed chemical composition of Alumix 123 is shawhable5.1, particle
size distribution inFigure 5.1, and polished cross section Kigure 5.2. The small
increase irparticle sizeérequency between 1&hd30em may bedue to the admixed solid
lubricantor alloy additionswhich are typicallyadded in fine particle size faronote a
homogenous distribution.

The premix is comprised of lemental andmaster alloypowders Figure 5.3
throughFigure5.6, whose approximate composition is show able5.2. The elemental
aluminum powder has a nodular and irregular shape which is charactefistic
atomization[1,3,36] and contains somsilicon and iron as impuritiesfable 5.2. The
cross sectioa microstructurefFigure 5.4, has a dendritic cell pattern whichtipical of

ar atomized aluminum.

Table5.17 Chemical analysis odklumix 123 by ICP-OES(wt%). Balance Al.

Others Others
(each) (total)

NominaP 4.304.70 0.400.60 0.500.80 171 T | |

Composition Cu Mg Si Fe Mn

Analysed 4.57 0.52 0.80 0.11 <0.01 iP 0.21

3Plus 1.401.60nt% lubricant
bCa: 0.03 Ga: 0.01:K: <0.01; Na: 0.@; Ni: 0.01; P: 0.03Pb: 0.01:S: 0.02; Sn: 0.02;
V: 0.01; Zn: 0.05
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Figure5.17 Particle size ditribution of Alumix 123.

Figure 5.2 T Optical micrograph of polished cross section of Alumix 123-mppe

mounted in epoxy resifunetched)
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Figure 5.3 i SEM micrographs ofdifferent particles in Alumix 123: (a) elemental
aluminum; (b) elemental copper; (c) magnesicontainingmaster alloy (d)
silicon-containing master alloy The pwders were mounted on silver

chloride paste.

Table5.27 Summary of EDS point anales ofdifferent particles in Alumix 123wt%).

EDS Point Analyss (Wt%}

Particle Type
Al Cu Mg si Other No. of
points
Al 99.8:0.3 1 i 0.1+0.3 0.1+0.1 Fe 9
Cu i 100.Gt0.0 71 i i 2
Mg-containing 50.2:2.6 49.42.7 0.1x0.2 0.0+0.1Zn 12
Si-containing 90.1+£3.2 1 T 9.9+3.1 0.0+0.1 Fe 16

&/alues arggiven asmeant standard deviation
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Figure5.4 1 Optical micrograph of cross sectaimmicrostructure bdifferentparticlesof
Alumix 123 mounted in epoxy resin (etched): (a) elemental aluminum; (b)

silicon-containingmaster alloy
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Figure5.517 XRD pattern of Alumix 123 powder pmix: (a) full pattern; (b close up of

smaller peaks.
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The elemental copper powder has a high pufiighle 5.2, and dendritic shape,
Figure 5.3, characteristic of electrolytic deposition from aquecolution. The XRD
pattern for the powder pmix, Figure 5.5, contains peaks corresponding to elemental
copper. Other investigatorfs5,199201] have also found Alumix 123 to contain
elemental copper powder.

The magnesiurrcontaining particles have a ged and angular particle shape,
Figure5.3, andin some areaéaw tootld pattern marks are apparekigure5.6. These
features ee indicative of a mechanical powder production procéks. high magesium
content of themasteralloy, Table 5.2, would make it easy to pulveriz8asedon the
composition inTable 5.2, the Ali2Mg17 intermetallic is expected to tbe only phase
present{11] andin the XRD pattern for the pmix, Figure 5.5, thereis a small peak
which could correspond to this phas®ther invesgators [55,200,201] have found
Alumix 123 to contain magnesium asnasteralloy powder someof whichalso found a
composition of AI50wt%Mg by EDSanalyses[200,201] and suggested the angular
morphology to be the result of mechanical grind2@p].

The silicorcontaining particles are rounded and have an ellipsoid or cylindrical
particle shapekigure5.3, with a rough, irregular surfaceigure5.6. These features may
be the result of an atomization procésslthough the silicostontaining particles are
much more elongated and smoother than the elemental aluminum powder which is also
believed to be air atomized. The silicoontent of themaster alloy Table 5.2, would
presumably increase fluidity and could have modified particle shape and solidification
during atomizationThe cross sectional microstructure of the silicomtaining particles,
Figure 5.4, is consistent with rapid cooling, which would be experienced during

atomization.Other investigator$s5,200,201]have found Alumix 123 to contain silicon
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as amasteralloy powder. One investigatig200] suggested thmasteralloy powder was
producedby atomization. Independent EDS analyses found the composition mister
alloy to be Al12.5wt%Si[200] and AF12wt%Si[201] i well within the standard error in

Table5.2.

lubricant

10.0kV 11.8mm x4.50k SE(M) 0.0um 10.0kV 11.8mm x4.00k SE{(M)

10.0um 10.0kV 12.0mm x6.00k SE(U)

Figure5.6 T SEM micrographs of surface characteristics of different particles in Alumix
123: (a), (b) magnesiutontaining master alloy; (c), (d) silicarontaining

master alloy. The powdevgere mounted on silver chloride paste.
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5.2 AA2014T6

The analysed chemical composition of the wrought AA2D@&4extruded rod is
shown inTable5.3. Optical and SEM micrographs are showrFigure 5.7 and Figure
5.8, respectively. The grain structure is clearly elongated in the direction of working and
there are two distinct phases which are apparent from the micrographs: one with a round
globular morphology and another with Chinesgipg morphology. These phases are
shown with higher magnification iRigure5.9.

The round globular phase is probablCuAl> which may originate from the cast
ingot structure. In some areas this phase appeared aligned in the direction of extrusion
which suggested it was present during extrusion and not completely dissolved during
subsequent solution heat treatment. Hosvethe solution heat treatment and artificial
aging regime involved in the T6 temper probably spheroidiziesdctimstituent.cd-CuAl
or its derivative d should also be present along grain boundaries although these
precipitates were not visible in the BEor optical microscope. EDS point anadgf the
round globular phase is close to stoichiomedFiCuAl,, Table5.4; the discrepancy may
be explained by the fact thiath eCuAdb phase actually contains slightly less copper than
given by its formuld11] and that EDS analysis mayoke electron interaction with the
surrounding matrixElectron interaction with the matrix may also explain the detection of
silicon, which is expected to have a low solubility in Cufll1,202] Thee is further
evidence for the presence®fCuAlz in the XRD pattern of this alloysigure5.10, which

contains peaks corresponding to this phase.
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Table5.37 Chemical analysis of AA201%6 by ICP-OES(wt%). Balance Al.

- _ . OthersOthers
Composition Cu Mg S Mn Fe CrZn T (Gach) (total)

NominaF 3.95.0 0.200.8 0.501.2 0.401.2 0.7 0.10 0.25 0.15 0.05 0.15

Analysed 4.73 0.49 0.56 1.15 0.36 0.07 0.20 0.02 i* 0.12

fMaximum unless shown as a range
bBj: 0.03; Ca: 0.01; Ga: 01; K: <0.01; Na: 0.01; Ni: 0.03; P: <0.01; Pb: 0.01; V: 0.01
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Figure 5.7 i Optical micrographs of AA20146 (etched): (a) transverse plane; (b)

longitudinal plane.

79



10.0kV 13.4mm x1.00k SE(M) 50.0um

D I DR R DR B R R B B

10.0kV 14.2mm x700 SE(M) 50.0um

Figure 5.8 1 SEM micrographs of AA20146: (a) transverse plane; (b) longitudinal

plane.
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10,0V 13.4mm x4 .00k SE(M) 10.0um

10.0kV 13.4mm x4.00k SE(M) 10.0um

Figure 5.9 i SEM micrographs of constituents in AA20T4 (transverse plane): (a)

round, globular constitu¢n(b) Chinese script constituent.
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Table5.47 Summary of EDS point anales of major phases iAA2014-T6 (wt%).

EDS Point Analysigwt%)?

Phase
Al Ccu Mg si Mn Fe Cr No. of
points
Matrix 93.2:0.9 5.0:0.1 04:0.0 0.740.3 0.740.6 i i 7
Round, 48722 51021 i 0.30.1 i i i 9
globulaP
g‘riigif,e 61.2639 7.%0.7 i 6.4¢05 10.21.7 14416 0301 12

a/alues are given as mean * standard deviation
bCuAl, formula Al: 45.9; Cu: 54.1

(CuFeMn}SiAl ;s formula Al: 62.1-64.7; Si: 8.69.0; (CuFeMn): 26.29.3

d(CuMnFe)SiAl, formula: Al: 59.762.7; Si: 5.25.4; (CuFeMn): 31.85.
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Figure5.1017 XRD pattern of AA2014T6 (transverse plane): (a) full patn; (b) closeup

of smaller peaks.
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The Chinese script phase appears to be fragmented and aligned in the direction of
working, Figure 5.8, indicating this phase was present during extrusion and its
morphologywasnot significanty affected by subsequent heat treatniestiggesting the
presence of elements which have low solubility in aluminum. This phase was found by
EDS analyss, Table5.4, to consist of aluminum, copper, iron, manganese, silicon, and a
small amount of chromiuniThe phase relations involving these elements are complex
and convoluted by the ability of intermetallics to take other elements in to solltiere
are no universally agreed upon formulae and compositional information for these
intermetallics so a conclusive identification of the Chinese script phase is beyend t
scope of this work. Based dhe available evidence a probable candidate isUhe
AlFeMnSi phase which has been described by the formula (F&VA)is or
(FeMn)SiAl12 [11,202] and is the result of some miscibility between tBélFeSi
(Fe:SiAlg) andU-AIMNSi (MnsSizAl 15 or MnsSiAl12) phasesThe U-AIFeMnSi phase may
contain chromim in place of iron and manganese, and may also absorb copper into
solution as (CuFeMn}SikAl1s or (CuMnFejSiAli2 [11]. These formulae are in
approximate agreement with the EDS anedysf the Chinese script phaseable 5.4.
Copper may also replace silicon iB-AIFeMnSi [11] which may partly explain the
discrepancy between the analysed silicon and that given by the formulaleléb.4.

Referring to the XRD patterrsigure 5.10, there is a good match in tip@wder
diffraction database for an intermetallic of the formulaz@no.8)SiAl17 which has a
composition closely corresponding td}AIFeMnSi (.e. (FeMnkSiAlis or
(FeMnXSiAlio), the same crystal structure BsAIFeMnSi (cubic)[11], and a lattice
pammeter within the possible confines fakAIFeMnSi given by[11]. The only

inconsistency from the powder diffraction file then is the presence of copper and
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chromium in the Chinese script. In their amounts detected by EDS both of these elements
have beendund to stabilize the cubic structure BAIFeMnSi [203] and presumably
would not drastically alter the diffraction pattern of this intermetallic.

The matrix was found by EDS point anaysTable5.4, to contain a large amount
copper, in fact an amount exceeding the bulk content of the dlaye 5.3, indicating
there must be electron interaction with surrounding coeppbr constituents during
analysis. In addition tol andd-CuAl, there is expectetb be Qphase (CeMgsSisAls)
precipitates present in this alld¥1,202] which could be distributed throughout the
matrix as finer precipitates and contributed to the excess copper detection. Upon close
examination ofFigure 5.9 there seems to be lighteoloured areas in contrast with the
matrix that are of smaller size than the round, globdi@uAl> and may possibly be
another type of precipitate, for instancep@ase. This would also explain the detection of
silicon and magnesium in the matrikable 5.4, although these elements may be present
as Mg@Si as well or in the case of magnesium in solid solution with aluminum. There was
also manganese detected in the mairahle5.4, which may not be the result of electron
interaction with the Chinese script phase ion was not simultaneously detected. A
source of manganese is potentially>KunszAl2o or (CuMn)Al dispersoids which are
expected to be present in this all@@2], however it is notlear if this would contribute
manganese Xay peaks to the extent olpged. It is worth pointing out that these
particular produd contained manganese and silicon contents near the maximum and
minimum permissible values, respectivelyable 5.3, which may have influenced the

amountof manganeseontaining dispersoids formed.
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CHAPTER 6 P/M PROCESSING OF ALUMIX 123

The effect of compaction pressure on the green and sintered density of Alumix 123 is
shown inFigure 6.1. Laboratory sintered specimens wemepared using a variety of
compaction pressures in order to study the effect of this parameter on green density,
sintered density, and corrosion behaviour. The highest practical green and sintered
density is achieved with a compaction pressure of 300MPmure 6.1; higher
compaction pressures lead to no practical increase in green or sintered density and only
serve to increase die wedlith this informationand recommendations from industry, all
industrially shtered specimens were prepared using a compaction pressure of 300MPa.
The industrially sintered material possekaesuperior sintered density compared to the
laboratory sintered materidtjgure6.1, which wasprobably due to the use of pheated
nitrogen in the sinter zone or better control and uniformity of temperature in the industrial
furnace.

Under the usual sintering conditions, the highest sintered density attainable for
Alumix 123 wasapproximately 92% tharetical densityFigure6.1, whichis comparable
to other laboratory findingg[55,199,200,204where Alumix 123 was sintered at 590
600°C for 2030 minutes. Extending the isothermal sintering time to 60 or 120tesn
does not significantly increase densificatiff®9,200] The low sintered density of
Alumix 123 can be interpreted in terms of teeelling of compacts as a result of
sintering,Figure6.2, which has been aitiuted toexpansiorand phase transformations in
the lubrican{55] and formation of transient liquids of the-Mg, Al-Cu-Mg, and AFCu-

Mg-Si system$200] during heating to the isothermal sintering temperature.
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The swelling of compacteccurredprincipally along the axis of uniaxial pressing,
Figure6.2, which couldhavebeenrelated to the contact area between metallic particles
and thei preferential orientatiomlong the axigperpendicular to uniaxial pressifg5].
Expansion and phase transformations of the lubricant in the gap between contacting
metallic particles would then lead to the preferential expansion of congactsthe axd
of uniaxial pressing55]. In a similar manner, if the contact area between the elemental
alloy or master alloy additions and the base elemental aluminum pawasidésirgeralong
the axisperpendicular to uniaxial pressing, then liquid phases haag preferentially
formed and spread in this direction, leading to the increased swelling of congbacts
the axisof uniaxial pressing. This mechanism is supported bZAlpressed wire model
experiments[86] where pure copper wire was uniaxially compacted ragab pure
aluminum wire while orientedlong the axiperpendicular to uniaxial pressing. During
sintering, the AlCu eutectic penetraderapidly along the axigperpendicular to uniaxial
pressing but caudea muchlarge swellingalong the axi®f uniaxialpressind86].

The distribution of porosity in Alumix 1231 was highly nonuniform, Figure6.3;
there was less porosity in the center of the compacts and along the face which was
adjacent to the mesh belt during sinterifigyis is postulated to be related to the local
sintering atmospherén the area. The oxygen partial pressure near the exterior of
compactsvasprobably higher than in the ceniwé compactgdue to the continuous flow
of fresh nitrogen which conta@d oxygen andwater vapour contaminants that led to
oxidation and disturd the sintering anddensification mechanisms of Alumix 128

these areas
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Figure 6.3 1 Optical micrographsstitched together tshow the distbution of porosity
throughout thelongitudinal planeof industrially sintered (unetched): (a)
Alumix 123-T1; (b) Alumix 123T2(5%).
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As expected, the sizing operation rediitke total amount of porosity in Alumix
123 T2, Figure 6.3. The effect of sizing pressure on reduction in thickness is shown in
Figure6.4. It should be pointed out that the sizing operation here was analogous to open
die forging Due to dimensionanstability as a result of sinteringpscimens were sized
in a larger diameter di0mm)thanusedfor powde compactiormeaningno force was
exerted on sgcimens in the radial direction during sizifidnis explains thdargeamount
of plastic deformabn in specimens at high sizing pressurEgjure 6.4. The sizing
pressuresin Figure 6.4 are reported with respect to the original compact diameter
(15mm).

The surface oAlumix 123 T1 and Alumix 123T2(5%)i n t-eentase-dd and
si zedod ,cwhichdwdas ithe ncondition of these materials in subsequent
electrochemical testing, are shown Kigure6.5. The surfacesvererough highly nor
planar, and contagd areas which appead of darkercontrastin the SEM,Figure 6.5.

These darker areas were found to contain significant carbon, oxygen, and ssmetim
nitrogen by EDS analyses andeabelieved to be remnants from theéhgene
bisstearamid€EBS) lubricant whichmay haveredemsited on the surface of compacts
during the ddubrication stage of sintering.

The surface ofAlumix 123 compacts was found by EDS analyses to be enriched with
cabon (a. 6wt%), oxygen ¢a. 8wt%), and magnesiuntd. 2wt%), as compared to EDS
analyses of polished compacthe carbon and oxygen concentratroay havebeendue
to the continuous flow ofresh nitrogen over the exterior of compacts during sintering.
The fresh nitrogen contains a small amount of contaminants such as carbon dioxide,
oxygen, and water vapour which mhgvereaced with the compacts and incorpordte

into a refractory layer.
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Figure6.4 1 Sizing curve for industrially sintered Alumix 123 specimens. gdécimens

wereinitially compacted at 300MPa.

The magnesium on the surface of compaasprobably in the oxidized state artd
concentration could be related to iggh vapour pressure affinity for oxygen in
aluminum P/M systemsThe first liquid phase to form during sintering of Alumix 123
corresponds to the fusion of the magnestontaining master alloy particles to a
magnesiurrich liquid phasg¢200] and the evaporation and transpafrtnagnesium in the
vapour phase malyave lel to its eventual oxidation and deposition near the surface of
compactsMagnesiunmalsoactsasa local oxygen getter and disrupts the aluminum oxide
layer via formation of AIMgOas [1] and he flow of fresh nitrgen over the exterior of
compacts continually introdes more oxygen to the areand may have lel to the

continued migration and oxidation of magnesium on the surface of compacts.
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10.0kV 15.7mm x200 SE(M) 200um

Figure 6.5 1 SEM microgrph of industrially sintered (a) Alumix 123T1; (b)
Alumix123-T2(5%) with no polishing.
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Optical and SEM micrographsf polishedAlumix 123-T1 compacts Figure 6.6
and Figure 6.7, showed a polyhedral grairstructure with secondary phases distributed
predominantly along grain boundaries. Three types of intermetallics were identified in the
microstructure of industrially sintered Alumix 143, Figure6.8. The conpostion of the
intermetallics,Tade 6.1, as well as their morphology and locationthe microstructure
suggest some of themay have formed as a result of solidification or decomposition of
the persistent liquiphase present during sintering.

The copperich intergranular phase contashless copper than would be expected
for CuAl> and additionally contasgd magnesium and silicon in amounts beyond what
would be expected for CuAin solid state equilibriunjl1]. This phase may have formed
from the persistent liquid phase present at the sintering temperature anmbiriagy in
equilibrium as a result of the rapid cooling experienced at the end of the sinter cycle.
Therewas evidenceof CuAl; in the XRD pattern of Alunxi 123 T1, Figure 6.9. Other
investigators have also identified CuAh Alumix 123 T1 by XRD [200,204] The
presence of ACu-Mg-Si constituents along grain boundaries has also been noted in
Al coads 20 aldgaus ta Allmxyi23|3,al5]

The ironcontaining intergranular constituentgere more rounded and compact
than the copperich intergranular ones and contathpredominantly aluminum, iron,
silicon, and copper. Their morphology and composition somemhatche the U-AlFeSi
phase FeSiAlg) which is typically present as a Chinese sddgdf. Other ternary AFe
Si and AlCu-Fe phases are usually present as platelets or ngédile®\luminum, iron,
silicon, and copper do not usually form compoundsttaggll] and it may be that this
phase solidifiedfar from equilibrium during the rapid cooling fronthe sintering

temperature. Iron is known to segregate to the liquid phase during si8%5j200,204]
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Figure 6.6 T Optical micrograph of industrially sintered Alumix +Z3 (etched). The

micrograph was taken in longitudinal plamear the edge of the sample

10.0kV 14.2mm x800 SE(M)

Figure6.77 SEM micrograph of industriallyistered Alumix 123T1.
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100K 14 Zrrm xd, S0k SE (M)

Figure6.81 SEM micrographs of constituents in industrially sintered Alumix-123(a)
copperrich intergranular; (b) irorwontaining intergranular; (c) iren

containing needke
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Tade 6.1 7 Summary of EDS point analgs of major phases inndustrially sintered
Alumix 123-T1 (wt%).

EDS Point Analysis (wt%8)

Phase NG of
Al Cu Mg Si Fe 0.0
points
Matrix 943+05 4.9%0.4 0.20.1 0.6:0.1 i 9
Currich 57.:3.9 40.1#3.9 2.0405 0.905 i 23
intergranulat

Fecontaining 49 452 13506 1307 6.7:0.3 20123 14
intergranulat

Fecontaining 0507 34605 i 0.740.2  16.5:0.2 3
needle$

&/alues arggiven agneant standard deviation

bCuAl, formula: Al: 45.9; Cu: 54.1

‘FeSiAlg formula: Al: 60.6 Fe: 31.6; Si: 7.8

dCwFeAl; formula: Al: 46.9 Cu: 36.9; Fe: 16.2
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Figure6.917 XRD pattern of indatrially sintered Alumix 1231 (polished) (a) full scan;
(b) close up of smaller peaks.
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The ironcontainng needldike constituents had morphology and composition
closely matching that df h @eC) phase (GEeAlr) [11]. This phasenay have formed
in areas which were isolated from magnesium ahcbsiduring sinteringor in areas of
the compact that experienced slower cooling rates after sintéhege constituentsere
scarcely found and are not considered to be a major phase present in AlunTit. 123
Other investigators have noticed neelite@ ironcontaining constituents Alumix 123,
however only after solution heat treatmgtQ0,204]

The matrix was found by EDS point anay4o contaircopper, magnesium, and
silicon, Tabe 6.1, in amounts whichcould be related to their solubilitiegn solid
aluminumat the isothermal sintering temperature. Tim@ant of copper detected exceeds
the bulk copper content of the alloy which may indicate theaselectron interaction

with surrounding copperich phags during EDS analgs.
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ABSTRACT

The corrosion behaviour of the commercial aluminum powder metallurgy (P/M)
all oy O6Al umix 1236 and a composlbtasbheem| | vy s
studied in naturally aerated 3.5wt% NaCl through open circuit potential (OCP), cathodic
polarization, and cyclic potentiodynamic polarization experiments, and the corrosion
morphology at open circuit conditions characterized by scanning electron microscopy
(SEM) and energy dispersive-tdy spectroscopy (EDS). The P/M alloy was sintered in
ani ndustri al setting amd nwaes edéstcocdi hi ent
after a standard sizing operation (T2 temper). The OCP of AlumixT12&abilizel at
more negative values, which believed to be a reaction to a reduction in catlzoda or
depassivation induced by propagating crevice corrosion within residual porosity. In this
state, the corrosion of Alumix 1ZBL was partially under anodic control and proceed
with the cathodic evolution of hydrogen. The OCP of Alumix-T23and AA2014T6
stabilized at the piting potential where corrosion wamostly under cathodic control and
procee@d with the cathodic reduction of oxygen. In the P/M materials pittiiag not
associated with coppeor irontrich intermetallics, this was attributeéd the refractory

layer formed as a result of the siriig process.

Keywords: aluminum alloy; corrosion; electrochemistry; powder metallurgy; crevice

corrosion intermetallics; Alumix 123AA2014
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7.1 INTRODUCTION

The oéapdse snd er 6 p o w(@/BYyprocesstisa Indbrineagngtshape
technology which enables the mass production of small and complex parts on an
economic scale superior to conventional die casting and machining operations. The
process typically involves the uniaxial die compactéa powder premix in to a friable
6gr een c¢ o mg aearhebshapgwhich éstthen sintered at elevated temperature
to form a metallurgically coherent body and may be subject to additional secondary
operations such as heat treatment, coiningizng. Sizing, in which a sintered body is
repressed in a die to improve dimensional tolergrisea common secondary operation in
commercial P/M due to slight dimensional changes which are induced by the sintering
process.

In aluminum P/M alloys, thprocessing history is indicated by temper designations
in a similar manner to conventional aluminum alloys, however with slight modifications
to temper definitions[7]. The T1 temper, which traditionally represents wrought
aluminum product which has beewooted from hot working, is used to denote P/M
aluminum product which has been cooled from the sintering temperature. Likewise, the
T2 temper, which traditionally represents wrought aluminum product which has been
cooled from hot working and subsequentlydoeorked, is used to denote P/M aluminum
product which has been cooled from the sintering temperature and sized.

Commercial P/M aluminum has been utilized in a variety of products including
business machines, consumer appliances, portable power toals,awhcvisual
equipmen{l,2]; sometimes with production rates in excess of 1 million parts per month
[2]. However, the most notable applications have been in the automotive industry

[1,27,28,73,205] In particular, the camshaft bearing caps for consuawomobiles
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[27,73], where over 50 million have been produced since production began irf20881

T in some instances resulting in 35% cost savings over traditionally producef28hps

In the 2000s automotive P/M production declined due to financiatl @mergy crises

which saw North American automobile manufacturers lose market share to importers
which do not utilize as many P/M paf06]. Even in North America, P/M aluminum is
produced in tonnages below that of P/M ferrous, cuprous, and nickeloys [206]

which is arguably not representative when considering the prevalence of aluminum as a
cast or wrought material. The aluminum P/M industry has great potential for growth,
especially in foreign markets such as China and India, but this is depemmenthe
improvements in material properties and process design generated by current research and
development effort§l]. Most efforts have focused on improving established material
properties including tensile strength, wear resistance, and faigudhe corrosion
resistance of P/M aluminum has received much less attention yet is an important
consideration for design engineers and should not be considered analogous to the
behaviour of conventional aluminum alloys. For example, in ferrous P/M alleys #ne

unigue corrosion mechanisms operating which are absent in wrought materials of the
same compositiof207-209].

In this work the corrosion behaviour of the commercial P/M aluminum alloy
OAl umi x 12306 has been studi walyabrgted8bw% t r o c h
NaCl electrolyte.With the exception ofrecent work from this laboratori4], prior
corrosion evaluations of P/M aluminum have been restricted to salt spray5t@$ts
which only assign a | ett er ecmanappeagance.fTheo A0 t
aim of the electrochemical investigations is to identify fundamental corrosion

mechanismsand to provide quantitative thermodynamic and kinetic information which
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can be used to predict material performance and design systemsosiaroprevention
and inhibition. The corrosion behaviour of a compositionally similar wrought alloy,
AA2014-T6, has been studied simultaneously to provide a comparison to the P/M

material and point of reference with the open literature.

7.2 EXPERIMENTAL
7.2.1 Materials

Alumix 123 premix was obtained from ECKA Granules Germany GmbBHr(h
Bavaria, Germany). The praix contairedl . 5wt % admi xed O&éLi cowax
and was certified to quality control standards for particle size distribution, apparent
density flowability, and chemical composition by the manufacturer. Compositional
chemical analysis oAlumix 123 by ICP-OES performed by the Minerals Engineering
Centre, Dalhousie University is shownTable 7.1. Its cumulative size dtribution was
also measured by laser particle size analysssformed by the Minerals Engineering
Centre, Dalhousie Universitand its Do, Dso, and B@o determined to be 27.1, 95.4, and
196um, respectively. AA20146 was obtained from Kaiser Aluminum agkson,
Tennessee, U.S.A.) as a 3.25 inch diameter extruded rod certified to ASTM B211
standard. Compositional chemical analysis of AA2014 by-GEHS performed by the

Minerals Engineering Centre, Dalhousie Univerg#yincluded inTable7.1.
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Table7.17 Chemical analyses of Alumix 123 and AA2014 by {OES (wt%).

Material Al Cu Mg Si Mn Fe Others
Alumix 123 Balance 4.57 0.52 0.80 <0.01 0.11 P
AA2014 Balance 4.73 0.49 0.56 1.15 0.36 [

#Analysis was performed on a sintered compact
bZn: 0.05; Remaining: 0.16(total), <0.05(each)
“Cr: 0.07; Ti: 0.02; Zn: 0.20; Renmang: 0.12(total), <0.05(each)

7.2.2 PI/M Processing

Green compacts were prepared by uniaxially compacting 2.5g of p@nemix
at 300MPa in a 15mm diameter tungsten carbide floating die assembly using an Instron
SATEC Series 559200HVL load frame (1MN capacity). The average green density was
2.623+0.004gcnhi (94.5+0.2% theoretical) determined in accordance with Metaidéo
Industries Federation (MPIF) Standard 42.

Green compacts were sintered at GKN Sinter Metals (Conover, North Carolina,
U.S.A.) undera nitrogen atmosphere in a continuous wire mesh belt conveyor furnace
employing standard operating prdoees for indusial sinteringof Alumix 123. Here, he
green compacts were placed on a shallow tray which was then placed on the wire mesh
belt of the furnace amongst other industrial product. The green compacts were oriented on
the tray so that the flat circular facétbe compact which was in contact with the lower
punch during powder compaction was adjacent to the tray. The average change in height,
diameter, and mass as a result of sintering wa#1+0.40%, i 0.23t0.09%, andi
1.55+0.08% respectively The average siared density was 2.560.008gcm®

(92.2+0.3% theoretical) determined in accordance with MPIF Standard 42. The
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processingresponse here waypical for industrial product and consistent witther
laboratoryinvestigationg455,199,200,204]

Sintered compds were sized with the same load frame used for powder
compaction but in a larger diameter (30mm) die in order to accommodate the dimensional
changes that resultdtbom the sintering process. Prior to sizing, sintered compacts were
carefully deburred by mal against SiC paper. Sizing fluid was provided by GKN Sinter
Metals (Conover, North Carolina, U.S.A.). Sintered compacts were fully submersed in
sizing fluid and then sized at 310MPa which correspditd a 5% reduction in height.
During sizing, the commas were oriented so that the flat circular face of the compact that
was in contact with the lower punch during powder compaction was in contact with the

lower punch during sizing.

7.2.3 Materials Preparation

Al umi x 123 wassitrertserest@®@dodornt bea®vHas whi ch
denoted by the T1 and T2 temper, respectively. Prior to testing Alumit12®mpacts
had to be carefully deburred by hand against SiC paper so that a satisfactory seal and
electrical contact could be maintained in the eletgrassembly. During testing, compacts
were oriented so that the flat circular face that was in contact with the upper punch during
powder compaction was in contact with the electrolyte. In the case of Alumi 2,23
this face also correspoedto that whitn was in contact with the upper punch during
sizing.

AA2014-T6 specimens were prepared by sectioning the extruded rod along the
transverse plane in to 4mm thick slices, from whiéimm diameter specimens were

extracted using a hokaw drilled in the longudinal direction. Hence, uking testing, the
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transverse plane was in contact with the electrolyte. AAZEL4pecimens were polished
using standard metallographic techniques immediately prior to testing. They were
abraded on successively finer grits oftv&C paper, polished using successively finer
oil-based diamond suspensions (¢on), degreased ultrasonically in acetone, thoroughly

rinsed in deionized water, and dried with a blow dryer.

7.2.4 Electrochemical Testing
All electrochemical tests were conductat ambient temperature in naturally
aerated 3.5wt% NaCl electrolyte which was prepared immediately prior to testing using
analyticalgr ad e NaCl (>99. 0% assay) and ul tr a
(>18Mg Am). The electrochemical instrumentation consistieel standard three electrode
glass bulb cell (1L capacity) connected to a Princeton Applied Research (PAR) Model
273A EG&G Potentiostat/Galvanostat which incorporated a grounded electrometer and
was connected to a desktop computer and controlled viarngcrAssociates CorrWare®
software. The potentiostat was calibrated by the use of a laboratadeé d u mmy c el |
The glass bulb cell containedworking electrode assembly that exgbaenominal area
of lcn? of the test specimertywo high purity fully dese 635mm diameter graphite
counter electrodes, and a saturated calomel reference electrode (SCE) brought in close
proximity to the working electrode via Luggin capillary. The reference electrode was
from Fisher Scientifid the rest of the electrochemaiccell was comprised of the PAR
Mo del KO047 o0Corrosion Cell Systemdb and Mo
The open circuit potential (OCP) of the working electrode was monitored versus
time for a period of 2 hours for Alumix 1231, T2) and 1 hour foAA2014-T6. The

P/M samples were monitored for a l@ngperiod of time because theyneéighly non
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planar and took longer to equilibrate with the electrolyte. The potexttthle conclusion
of the test wa taken to be the OCP of the specimen. Prior tpa#ntiodynamic testing,
the OCP was monitored and allowed to stabilize for the times indicated above.

During cathodic potentiodynamicpolarization the potential of the working
electrode was varied continuously at a rate of 0.1667hfusm the OCP td 2.0Vsce
During cyclic potentiodynamic polarization the potential of the working electrode was
varied continuously at a rate of 0.1667mVBom i 1.25Vsce for Alumix 123-T1 or i
0.875Vsce for Alumix 123 T2 and AA2014T6 unti an anodic current density of
0.0JAcm'? was reachedupon which the direction of the scan was reversed until a
potential ofi 1.0Vsce

The polarization diagrams were analysed using Scribner Associates CdifView
software. The corrosion currentof) and corrosion potential (&) were bund by Tafel
extrapolation, the passive curreiphdy was taken as the current density immediately prior
to breakdown at the pitting potentialpfls and the repassivation potentiakefsy was
taken as the potential where the anodic current deresighe a valueo f lethe on
reverse scan. The corrosion rate was calculated fegmnin accordance with ASTM
G102. The equivalent weight of both alloys was calculated to be 9.29 gram equivalents.
The sintered density of Alumix 1ZBL was used for P/M calculations. THensity of

AA2014-T6 was taken as 2.80gthas per the Aluminum Association.

7.2.5 Materials Characterization
Micrographs were captured using a Hitachi Moded780 cold field emission
scanning electron microscope (SEM) containing an integrated Oxford INGAaX

80mm silicon drift detectofor energy dispersivX-ray spectroscopy (EDS). The SEM
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was operated wh a 10kV accelerating voltage artl 0 € efnission current for imaging
whereas a 20kV accelerating voltage df¥dA emission currentvas implementedor
EDS analyses. Immediately after corrosion testing, specimens were thoroughly rinsed
with deionized water and dried with a blow dryer. Ptmanalysisn the SEM Alumix
123 T2 specimens were treated in a Soxhlet apparatus for 8 hours with petroleum ether to
remove all traces of sizing fluidTo analyse cross sections, some specimens were
mounted by vacuum impregnation with a sifing epay resin, sectioned, polished, and
carbon coated using a high vacuum evaporator platform.

X-ray diffraction (XRD) patterns were recorded in the rat@e10° (2d )in a
Bruker D8 ADVANCE diffractometer operatedith CuKg iradiation( =1.543), a tube

voltage of 40kV, and a tube current of 40mA.

7.3 RESULTS & DISCUSSION
7.3.1 Microstructure of Alumix 123(T1, T2) and AA2014T6

The structure of Alumix 1231 was characterizetly a large amount of irregukar
shaped interconnecting porosity and polyhedral aluminum grains (graincaiZg0-
100um) with intermetallics situated along grain boundafié® distribution of porosity
in the longitudinal planewas profoundly noruniform. There was significantly less
porosity in the center of the compacts and along the edge of the compact which was
adjacent to the mesh belt during sintering, meaning the surface exposed to the electrolyte
during electrochemical testing contachmore porody than indicated by bulk density
measurements.

In Alumix 123 T1, the aluminum grains were found by EDS analyses to contain:

Al: 94.3t0.5; Cu: 4.9£0.4; Si: 0.60.1; and Mg:0.2£0.1 wt%. Two predominant
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intermetallics were identified by SEM and EDS: a capjch intergranular phase
containing: Al:57.0:3.9; Cu:40.1£3.9; Mg: 2.0+0.5; and Si0.9+0.5 wt%, and an iron

rich intergranular phase containing: A49.4t2.2; Fe: 29.1+2.3; Cul3.5:0.6; Si:
6.7+0.3; and Mg:1.3+0.7 wt%. Both of these intermetalliegere probably the result of
the solidification of a liquid phase under conditions far from equilibrium. Iron, which is
present as an impurity, mdnavesegregate to the liquid phase during sintering. There
were no obvious peaks in the XRD trace of AlurhiB3-T1 corresponding to any iren
rich intermetallics. The coppeich intergranular phase may be a metastable vaofaoht
CuAl> 1 the XRD trace of Alumix 1231 shoved several clear peaks corresponding to
this phase. More detailed information on structure formation during sintering is given by
[1,55,80,199,200,204]

A high surface roughness and Aolanarityexisedin Alumix 123-T1, Figure7.1,
probably due to the sintering process and original surface characteristics of the air
atomized aluminum present in the yonéx. Across the surface of Alumix 1281 wee
areas whichwere in stark contrast tdhe aluminum grainsfigure 7.1, and by EDS
analyses were found to largely consist of carbon, oxygen, and sometimes nitrogen. These
are believed to be remnants from #idylene bisstearamid&BS) lubricant present in
the premix which may have beeredeposited on the surface of compacts during the de

lubrication stage of stering.
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10.0kV 12.3mm %250 SE(M)

Figure7.17 SEM micrographs of Alumix 1231: a) general microstructure; b) close up
of an aluminm grain; c) close up of a carboich area which is believed to
be a remnant from the EBS lubricant.
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Compared to the interipthe surface of Alumix 1231 was enriched with carbon
(ca. 6wt%), oxygen ¢a. 8wt%), and magnesiuncd. 2wt%), as found by ED&nalyses.
EDS cannot resolve the source of these elements, whether they are contained in an oxide,
hydroxide, hydrate, carbonatefc. or mixture thereof, so their origin can only be
speculated. Such a refractory surface layer imaye gradually growm durnng sintering
due to the continuous flowof fresh nitrogen which contained small amount of
contaminants like carbon dioxide, oxygen, and water vapour. The concentration of
magnesium may be related to its role during sintering or its high vapour pressure.
Magnesium is believed to enable the sintering of bare aluminum metal by reducing the
aluminum oxide layer (via AMgO4 formation) and acting as a local oxygen geffdr
Near the surface of the compacts these conditions may not bel@dmsibuse the dal
atmosphere and oxygen partial pressure carginually restored by the flow of fresh
nitrogen leading to increased amounts of oxidized magnesium. Magnesium is also a
component of various transient and persistent liquid phases formed during sif@@ihg
and its liberation and transport in the vapour phasg have eventually deto its
oxidation and deposition near the surface of the compacts.

The structure of Alumix 1232, Figure7.2, was essentially the same as Alumix
123 T1, except the sizing operation, as expected, dlagt a significant amount of
porosity and defored the surface layer so that itsvanore planarRetained porosity on
the surfacevas probably filled and sealed with sizing fluid as foveas applied dung
sizing. In some areas, the surface layer agoHarhave crackeds the underlying metal

deformedn the transverse directioRigure7.2.
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Figure7.27 SEM micrographs of Almix 123T2: a) general microstructure; b) close up
an aluminum grain showing cracks in the refractory surface layer as a result

of the sizing operation.
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In AA2014-T6, two types of intermetallics were readily identifiable, as seen in
Figure 7.3. The intermetallic wh a round, globular morphology wdelieved to be-
CuAl2 i its morphological andompositional characteristics veea close match to those
of d-CuAly, given by[11], and there were found to be peaks which correspetal d-
CuAlz in the XRD trace of AA20146. By EDS analyses, the composition of the round,
globular phase was found to be: Gd:.0£2.1 Al: 48.7+2.2 and Si:0.3+0.1wt%; again
consistent with thed phase The intermetallic wh a Chinese script morphologyas
believed to ba}AIFeMnSi ((CuFeMn}SizAl1s) T its morphology and composition were
consistent with the descriptions BfAIFeMnSi given by[11,203] and there were found
to be peaks which correspatito U-AIFeMnSi in the XRD trace of AA20146. By
EDSanalyses, the composition of the Chinese script phase was foundiio 6&.2+3.9
Fe:14.4+1.6 Mn: 10.2+1.7 Cu:7.5+0.7 Si: 6.4+0.5 and Cr:0.3+0.1wt%. In addition to
those phases previously discussdéd,s conceivable thatQ-phase (CpMgsSisAls)
precipitates and GWMn3zAlxo or (CuMn)Ale dispersoidsmay have been present in the
alloy [11,202] However, neither phase was positively detectath the methods
employed. In sme SEM micrographs there appeatede a distributiorof micron and
submicron areas of lighter contrast which could be some other type of precipitate,
however these may also be finkor d-CuAl> precipitates which are expected to be

present along grain boundaries.
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Figure 7.3 7 SEM micrograph of AA2014T6. The phase with the round, globular
morphology is believed tb e -Cuhl> and thephase with the Chinese script
morphologyis believedo b e -AlEeMnSi.

7.3.2 Electrochemistry

Typical plots during the attainment of the OCP of Alum&3{T1, T2) and
AA2014-T6 are presented ifrigure 7.4. For the sake of comparison, the OCP of
AA2014-T6 in Figure 7.4 was monitored for 2 hours instead of the usual 1 hour. No
significant changes in eleode potential for Alumix 1232 and AA2014T6 were
observed throughout the duration of the test, whigans that dynamic equilibrium sa

quickly established and maintained by these electrodes. The slight ennoblement of the
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electrode potential of Alumix 23-T2 could be a result of the strain induced in the
microstructure by the sizing operation and the small, consistent fluctuatioms @GP
are probably related wurface roughness. Initiallthe electrode potential of Alumix 123
T1 was similar to Alunmix 123 T2 and AA2014T6, however after a short incubation
period the OCP beg to shift to more negative values withe deviation eventually
becoming quite substantial. The most obviouseddhce between these materials e
presence of a lge amountof deep, interconnecteplorosity in Alumix 123T1. It is
hypothesized that the transience in the OCP of Alumix-TlR3vas related tothe
initiation and propagation of crevice corrosion in these areas.

Crevice corrosion, which has been studied extensi\gl9-214], initiates by a
differential aeration mechanism which differentiates the electrode into roeltsovhere
creviced areas behave as anodes. In the case of AlumiX112Be shift in electrode
potential to more negative values may be a reactidheaeduced cathodic area, or the
result of a breakdown of passivity in creviced areas caused by the migration of chloride
ions and hydrolyses of anodic reaction products. The return of the electrode potential to
slightly more noble values after the iaithegative shiftFigure7.4, could be related to a
change in the composition of the creviced electrolyte due to the onset of hydrogen
evolution or a gradual approach towards equilibrium dependent upon the ionic mobility

and difiusivity of corrosion products and reactants to and from creviced areas.
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Figure7.47 Attainment of the open circuit potential (OCP) of Alumix 323, T2) and
AA2014-T6 as a function of time: (a) full tngient; (b) close up of initial

transient.
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To verify if the electode potential of Alumix 1231 was controlled by the onset
of hydrogen evolution the cathodic polarization diagramiSigure 7.5 were constructed.

All current dengies presented we based off a nominal geometric area exposed to the
electrolyte which for the P/M mateais, especially Alumix 1231, wa a Qross
underestimation. The cathodic process in the corrosion of AlumixI'123 open circuit
appears to be undemore activatiorcontrol and this, in conjunction with its highly
negative OCP, suggests the corrosidnAtumix 123-T1 proceedd with a cathodic
process involving hydrogen evolutigi02-108]. Eventually, at sufficiently negative
potentials, the currergassed becomes substantial, and is usually attributed to the total
hydration of the oxide layer which renders it ionically conductive and allows hydrogen
evolution to take place directly on aluminum mefal0,125,127] It is difficult to
compare this feate inFigure7.5 as the true current densities are not available.

The cathodic polarization of Alumix 1ZB2 and AA2014T6 appears to be under
more diffusioncontrol near open circuit which is characteristic for a cathodic psoces
involving the reduction of oxygefi02-108]. The limiting diffusion current for Alumix
123T2 is about an order of magnitude larger than that of AAZDdAwhich is thought
to be primarily due to the increased surface roughness and electrochemicedyaeet
of Alumix 123 T2, although the P/M materials wdbpelievedto have a unique refractory

layer which may behave differently than the usual oxide layer present on aluminum.
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Figure 7.5 7 Cathodic polaration diagrams of Alumix 12871, T2) and AA2014T6
using a scan rate of 0.1667mVs

It would appear that, based on the diffusimnited nature of the cathodic process,
the corrosion of Alumix 1232 and AA2014T6 at open circuit should be under more
cathodic control than Alumix 1281, and this was observed to be the case with the cyclic
polarization diagrams presented Rigure 7.6. It seems that at open circuit conditions,
Alumix 123-T2 and AA2014T6 are polarized to thepitting potential and their corrosion
current is predominantly limited by the amount of charge which can be consumed in
cathodic reactions. On the other hand, the corrosion of AlumixT1238t open circuit
appears to be at least partially under anodicrobnt

There wee two distinct regions in the anodic polarization of Alumix -T23 one

where the current passed svassentially independent of the applied potential and one
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where conglerable active dissolution tooglace thatwas largely dependent on the
applied potential. Thdéehaviour in the first regiowas characteristic of passivity while

the behaviour in the second regiaas characteristic of breakdown or pittinghe
situation here, however, wanot so explicit because in the crevice corrosion miabesk

of the anodic currenwas generated in the creviced areas where passivity is questionable.
It should be pointed out that the active dissolution of aluminum metal is
thermodynamically possible at all potentials noble to its standard electrode potentia
1.90Vsce [108], regardless of its relation to the pitting potential which represents the

stability of the oxide layer.

] LR T lllllll'l T lllllITl T lllllITl T lllllrl'l_l—l-l-rrrm-VN_HE
-0.6 — -
- e R '04
~ -0.8 - !
B i — -0.6
> ] I
= -1.0 4 -
£ . - 0.8
s
Qo
A

—— Alumix 123-T1
—o— Alumix 123-T2
—— AA2014-T6

haN [ 1.0

'14 UNLILRRLLL I ||||||I'| T |||||IT| T |||||IT|
10° 107 10° 10 10°

Current Density (Acm_z)

T |||||IT| T ||||||I'|-
10° 10

5 4

Figure7.6 1 Polarization diagrams of Alumix 1231, T2) and AA2014T6 using a san
rate of 0.1667mVs. The reverse scans have been excluded from the figure
for clarity.
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A summary of the electrochemical data gathered on Alumix(T23 T2) and
AA2014-T6 is presented iifable7.2. The authors would again like remind the reader
tha electrochemical measurementsrev@ased off a nominal geometric area exposed to
the electrolye which for the P/M materials waan underestimatiaiue to the presence of
surface connected porositpespite the appearance of paggiwpon polarization, the
corrosion rate of Alumix 1231 was over four times greater than ABR4T6. Of equal
significance, wa the effect of the sizing operation on the P/M material which redhee
corrosion rate by one half. While substantial, theasion rate offie sized P/M alloy still
remainedwice that of the wrought material. The datal'able7.2 are in agreement with
the literature on AA2014°6 [215-221]

The pitting and repassivation characteristics summarizédbie 7.2 indicate that
at open circuit conditions pitting is expected to initiate and propagate freely in Alumix
123T2 and AA2014T6, while any pitting in Alumix 123T1 should spontaneously
repaswzate. For Alumix 12371, this was shown by the complete cyclic polarization
diagram,Figure 7.7, where repassivationccurredat potentials noble tthe corrosion
potential. There waa disparity between the repassivation potentials of the P/M materials
which may be explained by the lower true anodic current density passed on Alumix 123
T1 during cydic polarization resulting fronits higher surface area. When measured by
the cyclic polarization method, the repassivation potential is known to be sensitive to the

amount of anodic current passed during polarizgti3s].
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Table7.2 7 Summary of electrochemical data of Alumix 1@3L, T2) and AA2014T6.

Values are given as mean + standard deviationof experimets).

Alumix 123-T1

Alumix 123-T2

AA2014-T6

Open Circuit Potential

Eocp (MVsce)

Cathodic Tafel slope
be (MVdecad&)

Corrosion Potential

Ecorr (mVSCE)

Corrosion Current

icorr ( € A.Ilé) m
Corrosion Rate

CR (102mmyr'})

Pitting Potential
Epit (MVsce

Passive Current

ipass( € A'é)m
Repassivation Potential

Erepass(MVsce)

7101720 (37)

7 144+15 (11)

711039+17 (11)

7.40+1.85 (11)

8.77+2.19 (11)

7169245 (11)

13.01+5.89 (11)

7818+7 (11)

771144 (33)

7386+101 (13)

168845 (13)

3.460.7 (13)

4.09+0.92 (13)

785946 (13)

771745 (56)

71509+163 (27)

17018 (27)

1.82+0.49 (27)

1.97+0.54 (27)

7190947 (27)

Also of particular interest ifable 7.2, was the shift in the corrosion potential of

Alumix 123-T1 away from the OCP in the opposite direction of potentiodynamic scan. In
conventional electrodethere is a shift in the corrosion potential away from the OCP in
the direction of the potentiodynamic scan due to the storage of charge at the double layer

[222]. This behaviour of Alumix 1231 could be related to chemical phenomena, like

alkalization,occurring during cathodic polarization and mayfimher evidence that the

OCP wa affected by the composition of creviced electrolyte.
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Figure 7.7 7 Cyclic polarization diagram of Alumix 12B1 using a san rate of
0.1667mVs.

7.3.3 Microstructure after Open Circuit Corrosion

The electrode face of Alumix 1ZBl after 2 hours exposure at open circuit
conditions is shown irFigure 7.8. In some areas, partieuly aroundpores, there
appeared to ba fine, speckled distribution of corrosion produ€igure 7.8, which upon
viewing under high magnificatiowasrevealed to be fine narsrale nodules. The main
constituent of such notks is usually BayeriteCkAI(OH)3) [113], but this should not be
assumed for Alumix 1231 because of the enrichment of the surface with magnesium. If
these nodulewere directly involved in the corrosion process, their location around some
pores could béndicative of a macraell in the area since the haill reactions would be

expected to occur in close proximity to one another.
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Figure7.817 SEM micrograph of Alumix 1231 after 2 hours at OCP.

Pitting was observed in Alumix 12B1, Figure7.9, but the pits @l not seem to be

associated with any coppepor ironrich intermetallics. This probably means the
refractory layer formed during sintering retdtintegrity over these intermetallics, unlike

in traditional aluminum alloys. It remainsnclear if the film breakdown was more
stochastic in nature or wgartial to local heterogeneities in the refractory layer, such as
magnesium aggregation or lubricant dess. Electrochemical measurements indicated

that any pitting in Alumix 1231 should spontaneously repassivate at open circuit
conditions. Therefore, any pitting observe

local alkalinity generated at cathodidtes or pitting which initiated in the short
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incubation period before the deviation of the OCP to more negative values. Regardless of
the mechanism, the lodan of the pits probably signifiedveak or thin points in the
refractory layer where electronsdhloride ions preferentially migrate

In the cross section of Alumix 1ZB1, Figure7.10, there appearei be corrosion
product accumulated within some porosity which was found by EDS analyses to consist
primarily of aluminum and oxygen. If the oxidation of aluminum occurred within the
vicinity of the corrosion product deposit it would suggest the anodic process has been
occurring within certain areas of pores. However, there is also the possibility that
occludedelectrolyte remained in some areas after washing and drying of the specimen.
Regardlessijt is apparent the electrolyte waable to penetrate the compacts through
porosity.

In the corrosion morphology of Alumix 122, Figure7.11, blistering was quite
apparent and seemed to be associated with the areas around specific pores. Fine corrosion
product nodules were incorporated in to the surface of some blistgnse 7.12.
Blistering is normally a consequence of a pitting mechanism involving the penetration of
chloride through the oxide layer followed by the localized dissolution of aluminum and
hydrogen generation at the metal/oxide interfdd]. In the present case, themay also
be partial chloride penetration through cracks introduced in the refractory layer from the
sizing operation. Electrochemical measurements indicated that at open circuit conditions
Alumix 123-T2 was polarized to the pitting potential so instapitif the refractory layer

is expected.

122



I
10.0kV 13.8mm x4.00k SE(M) 10.0urm

”

AR
10.0kV 13.89mm x30.0k SE(M) 1.00um

Figure 7.9 1 SEM micrographs of pitting in Alumix 1281 after 2 hours at OCP: a)
cluster of pits which are not associated with coppmr phases in the area; b)
high magnification micrograph showing interior structure of some pits
(indicated by arrows)
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Figure7.1017 SEM micrograph othe cross sectioa microstructure of Alumix 1231
after 2 hours at OCP. The con@s product indicated by the arrows was

found by EDS analyses to consist primarily of aluminum and oxygen.

Figure7.117 SEM micrograph of Alumix 1232 after 2 hours at OCP.
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