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ABSTRACT 

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

óAlumix 123ô and a compositionally similar wrought alloy, AA2014-T6, has been studied 

in naturally aerated 3.5wt% NaCl electrolyte by a variety of electrochemical methods and 

the subsequent corrosion morphology characterized by scanning electron microscopy 

(SEM) and energy dispersive X-ray spectroscopy (EDS). The P/M material was sintered 

in an industrial setting and was studied in the óas-sinteredô condition or after a standard 

sizing operation, denoted by the T1 and T2 temper, respectively. The electrochemical 

methods employed included open circuit potential (OCP), cathodic potentiodynamic 

polarization, cyclic potentiodynamic polarization, and potentiostatic polarization. 

The OCP of Alumix 123-T1 stabilized at potentials near the onset of hydrogen evolution, 

where corrosion was partially under anodic control and proceeded via cathodic hydrogen 

evolution. This is postulated to be due to a reduction in cathode area or depassivation 

induced by propagating crevice corrosion within residual porosity. In this state, most of 

the anodic current on Alumix 123-T1 was generated from creviced areas within residual 

porosity which eventually repassivated when the concentration of anodic reaction 

products exceeded the solubility limit and precipitation occurred. 

The OCP of Alumix 123-T2 stabilized at the pitting potential, where corrosion was 

predominantely under cathodic control and proceeded via cathodic oxygen reduction. The 

sizing operation of Alumix 123-T2 reduced the amount of residual porosity through 

plastic deformation and sealed surface porosity with sizing fluid so that crevice corrosion 

did not initiate. 

In Alumix 123-(T1, T2), pitting was not always associated with copper- and iron-rich 

intermetallics. This behaviour was attributed to the refractory layer formed on the P/M 

materials as a result of the sintering process, which retained integrity over these 

intermetallics. Above the pitting potential of Alumix 123-(T1, T2), crystallographic 

pitting was scarcely observed and the majority of attack was intergranular in nature. 

The OCP of AA2014-T6 stabilized at the pitting potential where corrosion was 

predominantly under cathodic control and proceeded via cathodic oxygen reduction. In 

AA2014-T6 pitting was associated with copper- and iron-rich intermetallics. SEM 

observations of AA2014-T6 suggested that copper is redeposited on copper- and iron-rich 

intermetallics and that cathodic trenching around iron-rich intermetallics may have 

liberated copper from the matrix in a non-Faradaic process. Above the pitting potential of 

AA2014-T6, there was extensive attack by crystallographic pitting and intergranular 

corrosion.  
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CHAPTER 1 INTRODUCTION  

Conventional ópress-and-sinterô powder metallurgy (P/M) aluminum alloys are 

fabricated to near net shape and serve as a low-cost alternative to conventional die cast 

and machined aluminum parts [1]. Aluminum P/M has found application where the high 

strength, low weight, natural corrosion resistance, and good conductivity of aluminum 

can be combined with the cost-effective mass production technology of P/M 

manufacturing [1-3]. 

There is expected to be increased demand for aluminum P/M dependent upon current 

research and development efforts with China and India identified as potential markets [1]. 

Most research and development has been focused on improving established material 

properties such as modulus, high temperature strength, wear resistance, and fatigue [1]; 

however in other areas, such as corrosion resistance, even basic material properties 

including corrosion rate have not been specified and made available to design engineers.  

In this work, the corrosion behaviour of the commercial aluminum P/M alloy 

óAlumix 123ô has been evaluated as part of a continuing effort from our laboratory to 

assess the corrosion behaviour of commercial aluminum P/M alloys with an emphasis on 

electrochemistry [4]. Prior corrosion evaluations have been confined to salt spray tests 

which only assign a letter-rating of óAô through óEô based on specimen appearance [5-7]. 

Electrochemical studies aim to identify fundamental corrosion mechanisms and provide 

quantitative thermodynamic and kinetic information which can be used to predict material 

performance and design systems of corrosion prevention 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.  
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CHAPTER 2 BACKGROUND  

2.1 ALUMINUM -COPPER ALLOY  SYSTEMS 

2.1.1 Wrought Alloys 

Several different types of wrought aluminum-copper alloys exist which can be 

broadly categorized according to Table 2.1. Some relationships among some commonly 

used aluminum-copper alloys are shown in Figure 2.1. These alloys comprise 2xxx series 

in the Aluminum Association alloy designation system [8]. The second digit in 2xxx 

indicates the alloy modification; ó0ô being the original alloy and other values (1, 2, 3, etc.) 

indicating modifications of the original alloy [9]. The third and fourth digits in 2xxx serve 

to identify each unique alloy [9]. 

The development of aluminum-copper alloys began in 1906 after the accidental 

discovery of natural aging of óduralumin,ô whose composition corresponds to present day 

alloy 2017 [10]. The industrial use of duralumin was limited by its poor fabricability [10]. 

In 1926, alloy 2025 containing no magnesium and a controlled amount of silicon was 

developed for improved forgability [10].  

Alloy 2014 was then developed in 1928 in an attempt to combine the magnesium 

addition of alloy 2017 with the silicon addition of alloy 2025 [10].  The result was an 

alloy with improved forgability that also responded very 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 well [10].  

 

  



 

3 

 

Table 2.1 ï General composition limits for wrought aluminum-copper alloys [11]. 

 5% Cu 

wrought 

Durals Al -Cu-Ni 

alloysa 

Cu 4-6 3.0-5 2-5 

Fe to 0.7 to 0.7 to 1.5 

Si to 2 to 1.0 to 1.5 

Mg < 0.1 0.4-1.7 0.1-2 

Mn to 1.5 0.5-1.5 to 0.5 

Ni to 1.0 < 0.2 0.5-2.5 

Zn < 0.5 < 0.2 < 0.2 

Sn < 0.1 < 0.05 < 0.05 

Pb to 1 < 0.05 < 0.05 

Bi to 1 < 0.05 < 0.05 

Cd to 2 < 0.05 < 0.05 

Li  to 2 < 0.05 < 0.05 

Ti to 0.1 to 0.1 to 0.1 

V to 0.2 < 0.05 < 0.05 

W < 0.05 < 0.05 < 0.05 

Ag to 1 < 0.05 < 0.05 

Zr to 0.5 to 0.2 < 0.05 

Sb < 0.05 < 0.05 < 0.05 

Cr to 0.2 to 0.2 to 0.2 

aThese 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 of the nickel. 

 

 

The strength of alloy 2014 is primarily based off precipitation hardening. The 

presence of magnesium and silicon together enhance aging [11]. The iron content is kept 

as low as practically possible [11] as iron forms intermetallics which embrittle the alloy 

and simultaneously reduce the amount of copper for artificial aging [11]. The embrittling 

effect of iron is reduced by the presence of manganese ï whose intermetallics are not 

embrittling and absorb some iron [11]. 
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Figure 2.1 ï Relationships among commonly used aluminum-copper alloys [12]. 
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2.1.2 Powder Metallurgy Alloys 

Conventional ópress-and-sinterô aluminum P/M alloys were developed as a low-

cost alternative for small and complex conventional die cast and machined parts [13]. 

Some commercial P/M alloys based off the aluminum-copper alloy system that have been 

developed, but not necessarily remain in production, are shown in Table 2.2. 

Aluminum P/M was commercialized in the 1960s by Alcoa [14-16] and has been 

in large scale commercial production [2,3,7,17-26] in the applications outlined in Table 

2.3. Perhaps the most defining moment for aluminum P/M came in the early 1990s when 

General Motors began manufacturing the camshaft bearing caps in the cylinder head 

assembly of their Northstar engines from 201AB aluminum P/M alloy [27]. In one line of 

Chrysler cars, 20 aluminum P/M cam caps are used per engine and offer 35% cost savings 

over die cast and machined caps [28]. 

 

 

Table 2.2 ï Compositions of some commercial ópress-and-sinterô aluminum-copper P/M 

alloys (wt%) [1,3,17]. Balance Al. 

Manufacturer Alloy Cu Mg Si Mn Sn 

ALCAN 22 2.0 1.0 0.3 ï ï 

ALCAN 24 4.4 0.5 0.9 0.4 ï 

ALCOA 201AB 4.4 0.5 0.8 ï ï 

ALCOA 202AB 4.0 ï ï ï ï 

AMPAL  2712 3.8 1.0 0.75 ï ï 

AMPAL  2712A 4.4 0.5 0.6 ï ï 

AMPAL  2905 3.0 1.2 0.25 ï 0.6 

ECKA 13 4.5 0.5 ï ï ï 

ECKA 123 4.5 0.5 0.7 ï ï 

SINTERAL ï 2.0 0.6 ï ï ï 

(various) ï 3.4 0.6 0.5 ï ï 
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Table 2.3 ï Applications of aluminum P/M [3]. 

Property Description Examples 

Light weight 

and low 

noise 

Light weight of aluminum P/M parts 

reduces power requirements and lowers 

vibrations and noise levels in machines 

with unbalanced motion 

Ratchets, gears, cams, levers, 

ect. for appliances, portable 

power tools, copiers, 

computers, ect. 

Corrosion 

resistance 

Natural corrosion resistance of aluminum 

enables one to use aluminum P/M for 

mildy corrosive environments 

Pumps, outdoor equipment, 

meters, gauges, fluid control 

devices 

Conductivity High thermal and electrical conductivity 

of aluminum and non-magnetic 

characteristics are especially useful in 

electronics 

Audio-visual equipment, 

cassette recorders, electronic 

devices including computers, 

telephones, TV, ect. 

Special 

finishes 

A variety of attractive colorful and 

decorative finishes are possible on 

aluminum parts. 

Office equipment, hot water 

pots, typewriters, faucet and 

other kitchen appliances, ect. 
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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 product [9]. The 

basic temper designation system, shown in Table 2.4, is applicable to all product forms. 

 The as-fabricated temper (-F) is used for shaped products with no special control 

over the amount of strain hardening or thermal treatment during processing and usually 

indicates a semi-finished product which will be further processed to a finished form or 

temper [9]. The annealed temper (-O) is used for products that are thermally treated to the 

lowest strength and highest ductility condition to increase workability [9]. The strain 

hardened temper (-H) is used for products that are strengthened by varying amounts of 

plastic deformation and, in some cases, supplementary thermal treatment [9]. Wrought 

aluminum-copper alloys are rarely strain hardened [11]. The solution heat treated temper 

(-W) is an unstable temper used for heat treated and quenched products, and indicates a 

semi-finished product that will be subsequently worked or age hardened [9]. The heat 

treated (-T) temper is for products thermally treated, with or without supplementary strain 

hardening, to produce stable tempers [9]. 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, additional cold work 

between quenching and aging, additional cold work following aging, special corrosion 

resistance, or special/premium properties [9].  

The natural differences in P/M manufacturing have resulted in slight 

modifications to the traditional definitions shown in Table 2.5. At present, there are no 

standardized definitions for P/M tempers. 
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Table 2.4 ï Basic temper designations for wrought aluminum alloys [9]. 

Letter Description Digit(s) Description 

-F As fabricated   

-O Annealed   

-W Solution heat 

treated 
  

-H Strain hardened -H1 No thermal treatment 

  -H2 Partially annealed 

  -H3 Stabilized 

  -H4 Lacquered or painted 

-T Heat treated -T1 Cooled from hot working, naturally aged 

  -T2 Cooled from hot working, cold worked, naturally 

aged 

  -T3 Solution heat treated, cold worked, naturally aged 

  -T4 Solution heat treated, naturally aged 

  -T5 Cooled from hot working, artificially aged 

  -T6 Solution heat treated, artificially aged 

  -T7 Solution heat treated, overaged/stabilized 

  -T8 Solution heat treated, cold worked, artificially aged 

  -T9 Solution heat treated, artificially aged, cold worked 

  -T10 Cooled from hot working, cold worked, artificially 

aged 

 

 

Table 2.5 ï Some temper designations used for P/M aluminum alloys [5,7]. 

Letter Description Digit(s) Description 

-O Annealeda   

-T Heat 

treated 

-T1 Cooled from sintering temperature to 260°C in nitrogen 

(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 quenched, 

artificially aged 

  -T61 Repressed, heat treated to T6 

  -T8 Solution heat treated in air, repressed, artificially aged 
aAnnealed 1 hour, furnace cooled at max rate of 10°CĀhrï1 to 260°C or lower
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2.2 PROCESSING AND STRUCTURE OF ALUMINUM -COPPER ALLOYS  

2.2.1 Wrought Alloys 

2.2.1.1 Ingot Casting 

Melting, remelting, or holding of primary aluminum typically takes place in a 

reverberatory furnace which operates continuously [29]. Alloy additions are added 

directly to the melt [29]. Elements with low melting points are introduced as pure metals 

and elements with high melting points are introduced as master alloys to help with 

dissolution [29]. If dissolution remains problematic, master alloys can also be added 

directly to the electrolytic cell where there is higher turbulence and temperatures [29]. 

Once a satisfactory composition is achieved the melt is treated to reduce hydrogen, 

alkalis, and non-metallic inclusions [30]. The melt is then degassed and fluxed with Ar-

Cl2 gas mixtures and finally passed through ceramic foam filters to remove insoluble 

constituents [30].  

Virtually all aluminum alloy ingots are cast by the direct-chill (DC) process [30], 

shown in Figure 2.2. Extrusion ingot is cast in cylindrical form and sheet ingot in 

rectangular form [30], Figure 2.3. 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 include: grain size and shape, 

cell size and dendrite arm spacing, macro- and micro-segregation, and primary 

constituents [30]. Grain size is controlled by grain refining additions whereas cell size, 

segregation, and primary constituents are affected by composition and solidification rate 

[30,32]. 
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Figure 2.2 ï Schematic of the vertical DC casting process [30]. 

 

 

 

Figure 2.3 ï Typical DC cast aluminum: (a) extrusion logs; (b) sheet ingot [33]. 
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2.2.1.2 Forming 

The as-cast ingot structure has numerous characteristics that are unattractive for 

subsequent operations, including macro- and micro-segregation, low melting point 

eutectics, brittle intermetallic phases, supersaturated solid solutions of finely dispersed 

precipitates, and skin enriched with up to 30wt% copper containing primary iron-, 

manganese-, or nickel-bearing crystals [11,30,31,34]. It is standard practice to scalp the 

ingot to remove the skin and then homogenize it to help remedy the rest of the 

unattractive characteristics [11]. 

Homogenization temperature is determined by alloy composition; generally the 

temperature of the lowest melting point eutectic should not be exceeded [11,34]. 

Magnesium-free alloys can be homogenized at 525-540°C while alloys containing 

magnesium must be homogenized below 525°C [11]. Homogenization time depends on 

diffusivity considerations; large ingots can require up to 24 hours [11]. Excessive 

homogenization time or temperature will lead to recrystallization and grain growth [11]. 

Ingots for hot working are cooled slowly from the homogenization to the working 

temperature in order to precipitate and spheroidize soluble constituents [11]. Hot working 

temperatures range from 375-525°C [11].  

Generally at least 60-70% deformation is required to produce the desired 

properties in wrought products [11]. The properties of wrought products are commonly 

anisotropic; the reference directions are shown in Figure 2.4. Light reductions result in 

only slight directionality and coarse grains while heavy reductions lead to extreme 

elongation of grains in the working direction [11].  
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Figure 2.4 ï Directions in wrought materials [11]. 

 

 

Formability is highest in the annealed condition and lower in the naturally or 

artificially aged condition [11]. Alloys containing magnesium are significantly more 

prone to cracking [11]. Iron, silicon, nickel, manganese, titanium, and chromium have 

little effect on formability [11]. In magnesium-containing alloys, bismuth, lead, and tin 

form brittle intermetallics that reduce formability [11]. Dissolved hydrogen reduces 

formability and can lead to blistering and cracking [11]. 

Copper lowers the recrystallization temperature and slows the recrystallization 

rate, especially if present in solution or as fine precipitates [11]. Iron, silicon, magnesium, 

and nickel do not affect the recrystallization temperature but can refine grain size [11]. 

Chromium, manganese, and vanadium only raise the recrystallization when in solid 

solution [11].  
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2.2.1.3 Precipitation Hardening 

Materials are precipitation hardened only after some form of solution heat 

treatment and accelerated cooling [11]. To optimize this process the solution heat 

treatment temperature must be below the solidus and must be held for sufficient time to 

diffuse all soluble elements and distribute them evenly [11] ï specifics are dependent 

upon alloy composition and product form [11,35]. Most wrought products are quenched 

in to a cold water bath with a maximum permissible quench delay of 5-15 seconds [35]. 

Five distinct structures have been identified in the precipitation hardening process 

of aluminum-copper alloys [11]: the supersaturated solid solution (SSSS), Guinier-

Preston (GP) 1 zones, GP2 zones (ɗ" phase), ɗ' phase, and ɗ phase (CuAl2). As aging 

progresses these structures typically appear consecutively in the order: SSSS Ÿ GP1 Ÿ 

GP2 (ɗ") Ÿ ɗ' Ÿ ɗ [11]. 

GP1 zones are one or two atomic layers of pure copper in the (100) planes of the 

matrix surrounded by planes of almost entirely aluminum atoms [11]. They are coherent 

with the matrix and distort (shrink) the lattice up to 10-15 planes away from the copper 

layers [11]. These zones grow up to a size of 30-70×10ï10m at 300°K or 100-150×10ï10m 

at 350-400°K [11]. As GP1 zones grow, hardness is increased and ductility decreases 

[11].  

GP2 zones have a tetragonal lattice with five interchanging sheets of aluminum 

and copper (3 sheets aluminum, 2 sheets copper) in the (100) planes [11]. GP2 zones are 

coherent with the matrix and can grow to 100-1000×10ï10m in diameter and 10-40×      

10ï10m thick [11]. As GP2 zones grow, hardness increases as dislocation motion is 



 

14 

 

inhibited by the increased lattice strain [11]. When the stress fields from different GP2 

zones reach each other peak hardness is reached and ɗ' phase begins to appear [11]. 

The ɗ' phase has a tetragonal lattice and is considered a separate phase from the 

matrix [11]. Each ɗ' particle is surrounded by a ring of dislocations so that no lattice 

strains are present in the matrix [11].  

ɗ' particles occur at defects, slip planes, and grain boundaries and grow up to 100-

6000×10ï10m in diameter and 100-150×10ï10m thick depending on aging time and 

temperature [11]. When the matrix softens and recrystallizes to form the ring of 

dislocations surrounding ɗ' particles, new advancing dislocations are able to bypass ɗ' 

particles due to the lack of lattice strain in the matrix [11]. Maximum strength occurs with 

a mixture of GP2 zones and ɗ' precipitates [11].  

 The equilibrium ɗ phase (CuAl2) forms after prolonged aging time or temperature 

[11]. It has a tetragonal lattice and is incoherent with the matrix [11]. It can nucleate from 

ɗ' particles or directly from the matrix, which results in different crystallographic 

orientation relationships between ɗ and the matrix [11]. 
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2.2.1.4 Characteristics of Secondary Phases 

Secondary phases can be classified as either soluble or insoluble [11]. The soluble 

phases are comprised of: copper, lithium, magnesium, silicon, or zinc [11]. The insoluble 

phases contain at least one element with limited solid solubility such as iron, manganese, 

or nickel [11]. A summary of phases likely to occur in aluminum-copper alloys is shown 

in Table 2.6. 

The soluble phases formed depend on the amount of soluble elements available 

and their ratio [11]. With high Mg:Cu and Mg:Si ratios, the CuMg4Al 6 phase is favoured 

[11]. At lower Mg:Cu and Mg:Si ratios, the CuMgAl2 phase is formed [11]. If the ratio 

Mg:Si is low then Cu2Mg8Si6Al5 is formed, typically in conjunction with CuAl2 [11]. 

Some copper can be confined to iron-, manganese-, or nickel-bearing compounds, Table 

2.6, including (CuFe)Al6, Cu2FeAl7, (CuFeMn)Al6, Cu2Mn3Al20, and Cu4NiAl 7 [11]. 

When >1wt% silicon is present, however, iron and manganese can preferentially combine 

with silicon as FeSiAl5 over Cu2FeAl7 and (CuFeMn)3Si2Al 15 over (CuFeMn)Al6 and 

Cu2Mn3Al 20 [11], Table 2.6.  

Magnesium is usually combined with silicon or copper, except in alloys 

containing bismuth, lead, or tin where Mg2Pb, Mg2Bi3, or Mg2Sn are formed [11]. In 

commercial alloys magnesium never combines with iron or manganese [11]. When 

silicon-containing insoluble phases are formed, silicon will first appear as Mg2Si and then 

recombine with iron or manganese [11]. When nickel is present with manganese or iron it 

will combine with them as the Mn3NiAl 16 or FeNiAl9 at the expense of their other 

compounds: (CuNi)2Al 3, Cu4NiAl 7, Cu2Mn3Al20, and (FeMn)Al6 [11]. 
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Table 2.6 ï Phases formed in aluminum-copper alloys [11]. 

 

1
6 
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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 atomization [1,3,36]. 

Air atomized aluminum powder is preferred due to its superior shape, size, and flow 

characteristics [14,15,37-42]. The shape of air atomized aluminum powder is irregular or 

tear-drop, Figure 2.5 [43-45]. Particle size and distribution are controlled by process 

variables [36,39,46,47] and through the application of post-atomization size classification 

techniques. Air atomized aluminum is normally sieved in to different grades by 

manufacturers [1] ï the P/M grade powder having an average particle size of 40-100µm 

[3,39,48,49]. Typical commercial composition limits are ~0.15wt%Fe (max), ~0.10wt%Si 

(max), and 0.30wt%O (max) [3,14,15,23,42,44,47]. The oxide is mostly present as a thin 

protective layer on the surface of the powder particles [23,41,47,50]  and is thought to be 

at least partially amorphous [1]. The oxide layer contains óoxide islandsô throughout the 

surface which are a result of the oxygen content of the atomizing gas [44]. Powder 

particles solidify with a dendritic cell pattern, Figure 2.5, with iron and silicon-enriched 

cell boundaries [50,51].  

Aluminum pre-mixes can be prepared from: (i) purely elemental mixes, (ii) 

partially elemental mix and partly pre-alloyed powder, or (iii) completely pre-alloyed 

powder [3]. Many investigators have found elemental copper powder superior to pre-

alloyed or composite powder [14,15,39,52-54] and this reflects in the use of elemental 

copper in commercial pre-mixes [7,14,15,42,49,55]. Finer copper powders (d<45µm) are 

superior over coarser powders with respect to sintered tensile strength [40,56], sintered 

pore size [56,57] and surface finish after sintering [57]. Such powders also promote the 

formation of liquid earlier during sintering [57,58].  
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Figure 2.5 ï Atomized 1202 Grade aluminum powder: (a) SEM micrograph; (b) cross 

sectional microstructure [51]. 

 

Copper powder for aluminum P/M can be produced by electrolytic deposition from 

aqueous solution which is normally an integrated 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 deposition [59,60].   

Traditionally, elemental magnesium powder has been produced 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 pulverized [65].  

Commercial pre-mixes have contained silicon as a pre-alloy [49,55] or elemental 

[7,42,49,51] powder addition. Elemental silicon powder can be produced by milling 

[66,67] while master alloy powders can be produced by atomization [43,57] or 

mechanical pulverization [61]. The presence of silicon as a pulverized master alloy can 

result in superior precipitation hardening [68].  
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Commercial aluminum P/M alloys typically contain 1.2 or 1.5wt% admixed 

internal lubricant [1,3] with a low ash and moisture content to maintain the low dew point 

during sintering [3,7,14,15,19]. Zinc stearate lubricants have been used in the past, 

however these partially dissociate to zinc oxide which interferes with sintering [3,66,69]. 

Organic fatty acids or waxes are more suitable [14,15,19,42]. The prevailing lubricant is 

ethylene bisstearamide (EBS) [1,3].  

 Raw materials are normally blended in an inert atmosphere at the plant of the 

powder manufacturer [3,36,42]. Powder pre-mixes are subject to several quality control 

checks, such as particle size distribution, apparent density, tap density, and flowability 

[2,36]. A flowchart detailing the manufacturing of an aluminum pre-mix is shown in 

Figure 2.6. Oxidation during storage or transport is normally not an issue [2]. 

 

 

Figure 2.6 ï Flowchart of the production process for ECKA ALUMIX blends and process 

control measures [36]. 
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2.2.2.2 Compaction 

Aluminum P/M alloys are compacted with standard mechanical or hydraulic 

presses in closed steel dies [14,15,19,20,23], although tungsten carbide tools are 

recommended for high-volume production runs [3,19,23]. This can be done on existing 

tooling designed for ferrous or cuprous P/M materials [2,5-7,14,15,42]. In fact, the 

excellent compressibility of aluminum powder allows for larger cross sectional parts to be 

pressed on the same equipment [2,3,5,7,14,15,42].  

Internal or die wall lubrication is an absolute necessity for compaction 

[3,7,14,15,42]. Without lubricant, aluminum powder has severe seizing and galling 

characteristics against steel dies [14,15,18,39,68]. Lubricant also promotes a homogenous 

density distribution [55], however there is always some density variation due to friction 

on the die wall and die face [70], Figure 2.7. Increasing lubricant content decreases 

ejection force but also decreases green strength by inhibiting the cold welding of particles 

[55]. Lubricant also helps prevent dusting during transfer of the powder pre-mix to the 

hopper [3].  

Successful compaction requires information on flow rate, apparent density, and 

compressibility of powder blends [49]. Compressibility of aluminum powder is sensitive 

to impurities, particularly iron, silicon, and oxygen [39]. Compressibility decreases with 

increasing copper content, probably due to the mechanical properties of the metal [66,71]. 

Copper particles can assist in compaction and ejection by dislodging aluminum particles 

that have adhered to the die wall [68]. Silicon slightly lowers compressibility but reduces 

ejection pressure and improves green surface finish [66].  
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Figure 2.7 ï Density variation during the pressing of a cylindrical compact in a floating 

die [70]. 

 

Pressing to 85-95% green density is desirable [42,71,72] as higher compaction 

pressures cause pressure cracks [54], increase distortion during sintering [73], and result 

in blowholes and poor densification [40,71]. At higher green densities, close particle 

contacts and large contact areas interfere with liquid phase sintering [74]. The good 

compressibility of aluminum powder yields compacts with high green strength [23] but 

this is also partially a result of the nodular and irregular shape of the air atomized 

aluminum powder which allows for good interlocking [7,14,15]. 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 preferred 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 re-generation, or adsorbent drying [1,3,7,75,76]. The dew point of the 

nitrogen atmosphere should be controlled to below ï40°C (equivalent to ~120ppm 

moisture) [1-3,7,14,15,42,75], although the optimum dew point varies somewhat between 

different alloys [1] . At higher moisture contents sintered properties decrease sharply 

[14,15,19] and the lubricant can oxidize during de-lubrication [55]. Standard grade 

nitrogen normally has a dew point of ï60°C, but moisture and oxygen are picked up on 

the way to the sinter zone [3].  

Most commercial aluminum P/M alloys are sintered between 590-620°C for 15-30 

minutes [1-3,7,14,15,42,75,76]. Industrially, sintering typically takes place in a muffle-

type furnace with a wire mesh belt conveyor [3,7,14,15,42,75,77], Figure 2.8, that has a 

thermal profile similar to the one shown in Figure 2.9. These furnaces operate with three 

different zones. Namely those for de-lubrication, sintering, and cooling [3]. 

The lubricant is removed as a vapour phase during the de-lubrication stage which 

typically takes place at 345-425°C for 15-20 minutes [1,3,23,75,76]. The upper limit is 

controlled by the onset of diffusional reactions between components of the powder pre-

mix [55]. A directed nitrogen curtain flows counter to the belt movement so that lubricant 

vapor and other volatiles are prevented from entering the sinter zone [3,23,75].  
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Figure 2.8 ï Continuous muffle type furnace for sintering aluminum [3]. 

 

 

Figure 2.9 ï Heating cycle for a continuously sintered aluminum P/M part [75]. The 

dashed line indicates the new heating cycle for the furnace after a design 

modification. 
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Precise temperature and dew point control are necessary for the sinter zone 

[1,3,14,15,42,75]. Sintering temperature should be controlled to ±5°C [1,2,7,20,23,42] 

and temperature across the belt width should not vary more than ±2.8°C [1,3,27,75]. The 

dew point and thermal profile of the sintering zone is normally checked weekly, while 

complete furnace profiles are checked on a monthly basis [3]. At the exit of the sinter 

zone is a gas inlet where diverted curtains of pre-heated nitrogen are introduced to 

maintain a lubricant- and moisture-free atmosphere in the sinter zone and to prevent back-

diffusion of cold nitrogen from the cool zone [3,75]. The gas flow is pre-heated to the 

sinter temperature to prevent the cooling of smaller parts [1,3].  

The parts exit the sinter zone in to a water-jacketed section [75] and experience 

cooling rates of about 5-30°C per minute [73]. The protective atmosphere should be 

maintained in the cooling zone until parts cool to at least 427°C or less [23]. Afterwards 

parts can be cooled to room temperature in air [23]. At the exit of the cool zone, a depth 

curtain made of fibrous glass wool, 30-60cm long helps keep a dry atmosphere in the 

furnace [3].  

These furnaces can typically sinter about 1000 to 2500 parts per hour depending 

on part shape and size [1]. A 6 inch wide mesh belt furnace sinters about 40lb per hour 

[75] while using an 18 inch belt can increase production rates up to 250lb per hour [2]. 

Belt speeds can be 2-10 inches per minute because of the good thermal conductivity of 

aluminum and short sinter times [23]. 
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2.2.2.4 Structure Formation 

During heating, prior to liquid phase sintering (LPS), there are several 

transformations that occur on the surface of aluminum particles: absorbed water is 

dehydrated, Al(OH)3 is decomposed to ɔ-Al 2O3, and amorphous Al2O3 is crystallized to ɔ-

Al 2O3 [1,3]. The density and volume change associated with crystallization [1] and the 

thermal expansion of underlying aluminum metal [3,78,79] is thought to crack the oxide 

layer and expose bare aluminum.  

The LPS of aluminum-copper based alloys occurs mostly under non-equilibrium 

conditions but can still be interpreted via the equilibrium aluminum-copper phase 

diagram [73], Figure 2.10. LPS takes place in at least two stages [80], Figure 2.11. The 

first stage, which is characterized by volume growth [40,48,55,57,58,66,69,74,80-84], 

commences above 548°C where contact melting of aluminum and copper particles occurs 

[52,53,55,57,58,72,83-88]. All  metallic copper and surrounding aluminum particles are 

rapidly consumed, leaving behind ómelt-offô pores at the sites of original copper particles 

[40,58,78,79,84-87]. The appearance of the eutectic melt occurs locally and does not 

induce any volume changes [80,84]. The liquid phase rapidly spreads over the surface of 

aluminum particles, possibly between metallic aluminum and its oxide layer in some 

places [3,23,51-53,55,57,58,89], and copper from the melt begins diffusing in to the 

aluminum particles resulting in compact growth [3,58,80-84]. The compact growth stage 

lasts a matter of minutes and occurs before the compact has reached the isothermal 

sintering temperature [80]. The magnitude of growth surpasses the amount which can be 

attributed to the diffusion of copper from the melt [80]. The additional growth is probably 

due to ónegative rearrangementô caused by non-uniform diffusion over the surface of 

particles [48,80,84].  
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Figure 2.10 ï Equilibrium phase diagram of the aluminum-copper system near the 

aluminum-rich solidus [86]. 

 

  

Figure 2.11 ï Effect of copper content on deformation of Al-Cu powder compacts during 

sintering at 600°C under vacuum [80,84]. The copper concentration 1: 1wt%; 

2: 2wt%; 3: 3wt%; 4: 4wt%; 5: 5wt%; 6: 6wt%. 7 ï the compact temperature; 

8 ï the temperature in the dilatometer tube. 
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The second stage of sintering, which is characterized by volume shrinkage 

[40,48,55,58,66,69,74,80-84,86], occurs only if, for a given alloy composition, the 

isothermal sintering temperature lies above the solidus and below the liquidus on the 

aluminum-copper phase diagram [72,80,82,84,86], Figure 2.10. As the temperature of the 

compact rises, the decreasing solid solubility of copper, Figure 2.10, results in the 

formation and decomposition of a super saturated solid solution to a liquid phase along 

grain and subgrain boundaries within aluminum particles [48,58,80-82,84]. Volume 

shrinkage is brought about primarily by rearrangement of the fragmented aluminum 

particles from capillary forces [66,80,83,84]. The contribution of solution-reprecipitation 

to densification is probably small [80-83]. The majority of shrinkage occurs before the 

compact has reached its isothermal sintering temperature, which makes it unlikely that the 

composition of the liquid or solid is close enough to equilibrium for the solution-

reprecipitation mechanism to 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 solution-reprecipitation process [82,85,87], Figure 2.12. 

During this stage a polyhedral structure is formed and the microstructure coarsens with 

longer isothermal holding times [40,82,85,87]. 

Additions of magnesium enhance LPS [1] and magnesium also plays a role in 

reducing the aluminum oxide layer [1,90], probably via formation of the spinel phase 

(MgAl2O4) [1,90]. Magnesium is also thought to act as a local oxygen getter [1]. In 

magnesium-containing alloys, the expansion event occurs earlier and the magnitude of 

densification increases [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°C [92,93]. Excessive sintering times can lead to 

evaporation of magnesium near the surface [76,93]. 

Small amounts (<1wt%) of silicon also enhance LPS [1,91]. 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 or 5.5wt%) cause excess liquid during 

sintering, slow the diffusion of copper and result in undissolved silicon along the grain 

boundaries, even after long sinter times [66].  

Sintering may also be significantly influenced by the presence of trace elements 

[91,94,95] and impurities [96]. This is usually a result of influencing the amount of liquid 

phase present [95] or affecting surface tension and wettability [91,94]. 

 

 

Figure 2.12 ï Structure formation of Al-6Cu sintered at 620°C under vacuum [80,82]: (a) 

during growth stage; (b) during shrinkage stage; (c) after shrinkage; (d) after 

isothermal hold. Etched, ×140 magnification. 
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The sintering atmosphere plays an important role in densification [1,97], Figure 

2.13. During the densification stage under nitrogen, the first rapid contraction is followed 

by a second contraction with lower shrinkage rate and then a third rapid contraction [1]. 

The second contraction event is related to the formation of individual nanoscale 

aluminum nitride (AlN) crystals inside pores [1] which assist in densification by locally 

consuming nitrogen and establishing a pressure differential. The third rapid shrinkage 

event is due to pore filling by a persistent liquid whose meniscus forces are destabilized 

by the pressure differential created by the formation of aluminum nitride [1]. 

 

 

 

Figure 2.13 ï Dilatometer curve of Al-3.8Cu-1Mg-0.7Si under argon and nitrogen [91]. 

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 post-sintering 

operations. For instance, they have excellent formability in the as sintered condition 

permitting sizing for close dimensional control, coining for a detailed surface, or 

repressing for increased strength [2,3,14,15,23,26,42,50,75], Figure 2.14.  

P/M alloys also respond to precipitation hardening, in a similar manner to wrought 

alloys, by natural or artificial aging [2,3,5-7,14,15,23,26,39,42,67,75,76,98-100]. They 

are solutionized in air or controlled atmosphere at 504-538°C for 30 minutes and then 

cold-water quenched [23,26,27,67]. 

P/M alloys are then naturally aged at room temperature for a minimum of four 

days [27] or artificially aged at 165-200°C [67,85]. In general, they precipitation harden 

faster than their wrought counterparts [43,67]. During aging precipitates are 

homogenously distributed in the matrix, however upon over-aging ɗ precipitates exist 

preferentially at grain boundaries and pore surfaces [67]. The magnitude of hardening is 

primarily influenced by the copper content in solution and porosity, but grain size can 

also have an effect [67]. The presence of magnesium improves response to heat treatment 

[93].  

Sintered P/M bodies are also excellent preforms for forgings [7,42,101] with scrap 

loss reduced by 80% compared to conventional forgings [7]. Hot working collapses 

residual porosity and breaks up microstructural constituents (i.e. oxides) so as to increase 

interparticle bonding and density [51,101]. Cold forming should be done in the as sintered 

condition or within 24 hours of quenching [23]. Some parts are formed after solutionizing 

when they are the most ductile [27].  
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Figure 2.14 ï Secondary operations on aluminum P/M parts [2]: (a) coining for a detailed 

surface; (b) machining with better chip characteristics than wrought 

counterparts. 

 

 

The machinablility of P/M parts is excellent and actually superior to wrought parts 

with respect to chip breaking characteristics [2,3,5-7,14,15,20,23,26], Figure 2.14. If 

possible, parts should be machined after heat treatment for superior chip breaking 

characteristics [2,26]. Sintered carbide tooling is preferred since the sharp cutting edge 

prevents smearing [26]. 

Most finishing operations can be applied to P/M alloys including: chemical 

cleaning, mechanical finishing, anodizing, coloring, electroplating, and painting 

[2,3,7,14,15,20,42]. Press fitting is a practical and economical method of joining parts, 

but joining by adhesive bonding or threaded fasteners is possible [26]. Prior to joining, 

parts should be solution treated for maximum ductility [26]. 

 



 

32 

 

2.3 CORROSION BEHAVIOUR  OF ALUMINUM ҍCOPPER ALLOYS  IN NEAR-NEUTRAL , 

CHLORIDE -CONTAINING ELECTROLYTES  

2.3.1 Electrode Processes 

2.3.1.1 Cathodic Processes 

The electrochemical corrosion of metals involves cathodic, anodic, and electronic 

and ionic conduction processes with the total rate of corrosion being determined by the 

process with the rate limiting kinetics [102-108]. The resistance associated with the 

cathodic reaction usually has the greatest influence on corrosion rate [102-108].  

The cathodic process in the corrosion of aluminum and aluminum alloys in near-

neutral electrolytes and under atmospheric conditions proceeds along two paths [102-

113]: depolarization with hydrogen evolution and depolarization with oxygen ionization, 

which act in parallel and independent of each other.  

The cathodic process of oxygen reduction consists of several stages [102-108]: (i) 

passage of oxygen from the atmosphere into the electrolyte, (ii) transmission of oxygen 

by convection through the main body of solution, (iii) transmission of oxygen through 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 solution, its convection to the cathode, and the diffusion of 

hydroxide away from the cathode generally do not influence the rate of the cathodic 

process [102-108]. Oxygen diffusion to the cathode and oxygen ionization at the cathode 

are the primary high resistance processes that limit the rate of the cathodic process (i.e. 

concentration and chemical polarization, respectively) [102-108].  
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Oxygen reduction at the cathode proceeds along two parallel paths, direct reduction of 

oxygen to hydroxide ion [102-108,114,115]: 

(1) O2 + 4eï + 2H2O = 4OHï 

and reduction of oxygen to hydrogen peroxide, with the further partial reduction of 

hydrogen peroxide [102-108,114,115]: 

(2) O2 + 2eï + 2H2O = H2O2 + 2OHï 

(3) H2O2 + 2eï = 2OHï 

 

The cathodic process of hydrogen evolution also consists of several stages [108]: 

(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 stages [108]: 

(4) H2O + eï = Hads + OHï 

(5) Hads + Hads = H2 

(6) Hads + H2O + eï = H2 + OHï 

Hydrogen evolution is electrochemically independent from oxygen reduction but has an 

indirect influence on the process [108]. Evolving hydrogen bubbles agitate the electrolyte 

and decrease the diffusion layer which can increase the diffusion limited oxygen current 

by up to 50% [108]. Of the two cathodic processes, oxygen reduction has lower resistance 

and is the predominant cathodic process, but there is still some hydrogen evolution that 

occurs at open circuit conditions [102-107]. 
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Aluminum is strongly polarized to potentials of hydrogen evolution [102-

108,110,116,117], as are the aluminum-copper alloys, Figure 2.15. Aluminum is an 

inefficient cathode for oxygen reduction [102-108], not because of poor catalytic activity, 

but because of its negative electrode potential and the instability of the oxide film in 

alkaline conditions [102-108]. Under cathodic polarization, alkali formed at the cathode 

significantly affects the local pH [108,116-123] and, in the vicinity of the cathode, 

dissolves the oxide film which shifts the electrode potential more negative due to 

exposure of bare aluminum [102-108,117,119,120,122,124].  

 

 

Figure 2.15 ï Cathodic polarization curves for duralumin (i.e. AA2017-T4) in 0.5M NaCl 

[102-107]. 1: direct course with agitated electrolyte; 2: reverse course with 

agitated electrolyte; 3: with static electrolyte; 4: technical unalloyed 

aluminum in agitated electrolyte. Abscissa is in VNHE. 
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At potentials around ï1.0VSCE or more negative, hydrogen evolution becomes 

significant [102-107]. Aluminum is also a poor cathode for hydrogen evolution [102-

107,123,125]. However, at potentials around ï1.5VSCE or more negative, the efficiency of 

hydrogen evolution increases [110,111,117,119-121,123,124,126], Figure 2.15, due to 

total hydration of the oxide layer which renders it ionically conductive [110,125,127]. As 

the hydrated part of the duplex film penetrates toward the metal, hydrogen evolution may 

take place directly on aluminum metal [125,127]. A stable oxide film cannot be 

maintained [111,119-121,123,124] and aluminum dissolution occurs partly by a chemical 

process [125,127]. At potentials around ï1.7VSCE or more negative, the formation of 

aluminum hydride as an intermediate monolayer at the metal/oxide interface or in the 

oxide before hydrogen evolution becomes possible [125,127]. 
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2.3.1.2 Anodic Processes 

In near-neutral solutions the oxide film on aluminum is stable and aluminum ions 

can only enter solution by migrating through the oxide film [128]. The 3 valence 

electrons of aluminum are in different orbitals (3s23p1) so it is probable that oxidation 

proceeds in a two-step process at the metal/oxide interface [111]: 

(7) Al = Al + + eï 

(8) Al+ = Al 3+ + 2eï 

Reaction (8) is probably the rate limiting step [111]. The formation of sub-valent ions is 

also responsible for the so-called ónegative difference effect1ô (NDE) [108,129] and the 

fact that the dissolution of aluminum has a Faradaic efficiency above 1 [108,131,132], i.e. 

aluminum dissolves with an effective valence of 2.4-2.6 [118,130,131]. So long as 

Reaction (8) is the rate limiting step, a certain amount of Al+ ions are expected to react 

with water and release hydrogen at the oxide/solution interface [111,133]. The flux of Al+ 

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

which is in accordance with observations [111].  

The anodic dissolution of aluminum is highly irreversible ï its potential is well 

below the stability of H2O [129,132] and the Al3+ ion has a large hydration energy [129]. 

This also means the anodic process is not susceptible to concentration polarization [134]. 

Even if the concentration of Al3+ exceeds the solubility product of the hydroxide, 

precipitation occurs away from the electrode surface and does not influence the processes 

occurring on the electrode surface.  

                                                 
1The difference between hydrogen evolution at open circuit and on anodic polarization is referred to as the 

ódifference effectô in the Russian literature [108,129]. Aluminum is unusual in that this difference is 

negative ï i.e. hydrogen evolution increases linearly with increasing anodic current [111,130]. This 

behaviour is referred to as the ónegative difference effectô and is only seen in near-neutral solutions [129]. 
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The active dissolution of aluminum is thermodynamically possible at all potentials 

noble to its standard electrode potential ï1.90VSCE [111]. This potential represents 

elemental aluminum with no impurities, an oxide layer possessing no electronic 

conductivity or water permeability, in pure water with a pH of 7 [111]. Considerable 

active dissolution occurs above a characteristic breakdown potential, i.e. the ópitting 

potentialô [111]. Above the pitting potential, there are large increases in current associated 

with localized attack or pitting [111,120,122,133,135-138]. Above this potential, the 

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

[139,140]. The interface is shown schematically in Figure 2.16. There may be an 

induction period before pitting begins [111,121,141].  

 

 

Figure 2.16 ï Schematic representation of Al-solution interface in chloride solutions 

[133]: (a) at the open circuit potential; (b) during the anodic polarization. 



 

38 

 

The anodic dissolution of aluminum is strongly affected by the chloride ion 

[108,112,117,122,133,136,137,142-144]. The pitting potential is not affected by pH in the 

range 4-11 [111,122,145] but becomes more negative with increasing chloride 

concentration [111,121,122,136,137,142,144,146]. The activating effect of chloride may 

be related to the absorption of chloride ions [129,142,147] or the formation of complexes 

[111,121,130,147] such as: Al(OH)2Cl, Al(OH)Cl2, AlCl3, Al(OH)Cl+, and AlCl2
+, all of 

which are highly soluble [111]. The adsorption of chloride affects the electric field in the 

double layer, Figure 2.16, in a way that accelerates the transport of aluminum ions 

through the oxide layer [111]. Furthermore if chlorine becomes incorporated into the 

oxide film this would increase the number of charge carriers [111].  

On increasing anodic polarization to high current densities, dissolution goes 

through an ohmic-limited region and then a mass transport limited region [130]; in the 

latter, dissolution is limited by convective diffusion. Aluminum is unable to form a salt 

film in solution of less than 80% saturation due to the vigorous hydrogen evolution [130]. 

When anodic polarization is decreased from high values the dissolution potential deviates 

to more negative values [111,138] and upon cessation a new open circuit potential is 

established at more negative values [135,146]. This potential is also referred to as the 

órepassivation potentialô and is thought to be the result of an increase in anodic area on 

the electrode surface [135,146]. The repassivation potential is not as strictly reproducible 

as the pitting potential and is somewhat dependent upon the amount on anodic current 

passed [135]. The deactivation process occurs quickly (ca. 1ms) [111] and may be related 

to desorption of chlorine [147]. 
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2.3.2 Electrochemical Characteristics of Intermetallic Phases 

Traditionally the intermetallics in aluminum alloys have been classified according 

to nobility concepts [144]. 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 been proposed to be [144]: (i) noble particles with high 

electrochemical activity, (ii) noble particles with low electrochemical activity, (iii) active 

particles with high self-dissolution rates, and (iv) active particles with low self-dissolution 

rates. Some corrosion potentials for intermetallic phases are shown in Figure 2.17. In 

general, the most efficient cathodes are constituents containing iron or copper [102-

108,148,149]. Oxygen reduction and hydrogen evolution kinetics are enhanced on these 

intermetallics [148-150]. The cathodic efficiency of iron-containing intermetallics is 

attributed to the stability of iron in alkaline solutions [144]. Intermetallics containing 

significant zinc, magnesium, or silicon typically do not show a passive region [144].  

The Mg2Si compound actively dissolves unless at high pH (12.5) [151]. It has a 

very negative potential (ca. ï1.5VSCE) and may be subject to selective dissolution of 

silicon [151]. 

The corrosion of the CuMgAl2 phase is characterized by selective dissolution of 

aluminum and magnesium [137,148,151-157], leaving a copper rich residue. Copper and 

cuprous oxide (Cu2O) have been identified in the remnants of corroded CuMgAl2 by 

electron [152] and X-ray [158] diffraction. The de-alloying occurs on both cathodic [156] 

and anodic [137,152-155] polarization. Its mechanism is not completely understood. The 

oxide layer on CuMgAl2 is not very protective and once broken down magnesium 

selectively dissolves [159]. It is thought that the dissolution of magnesium prevents 

repassivation and results in the simultaneous dissolution of aluminum [159]. 
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Figure 2.17 ï Corrosion potentials for intermetallic compounds common in aluminum 

alloys as a function of sodium chloride concentration in pH=6 solution. Data 

from [144]. 

 

 

After de-alloying, the copper-rich remnant reorganizes into a crystalline nanoporous 

structure or óspongeô with very high surface area [155,159] and enhanced oxygen 

reduction kinetics [148,155,156]. Any cathodic hydroxide produced further destabilizes 
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aluminum but has no effect on copper [155,159]. There is evidence for non-Faradaic 

liberation of de-alloyed copper clusters by convective forces [156]. It is considered to be 

a borderline case as to whether CuMgAl2 de-alloys to a mechanically stable structure 

[159]. 

The CuAl2 intermetallic behaves similarly to CuMgAl2 in that it is subject to 

selective de-alloying of aluminum [123,160]. De-alloying may proceed by selective 

dissolution of only aluminum or the dissolution of aluminum and copper and then 

redeposition of copper [160]. In situ atomic emission spectroelectrochemistry (AESEC) 

suggests that CuAl2 is not susceptible to the same mechanism of non-Faradaic liberation 

of de-alloyed copper clusters as CuMgAl2 [123]. CuAl2 has a high cathodic Tafel slope 

which indicates an oxide film is present and stable on cathodic polarization [123]. This is 

consistent with observations that the cathodic behaviour of CuAl2 is not affected by 

increases in pH [151]. XPS studies of CuAl2 indicate that metallic copper may be present 

in the oxide film or enriched at the oxide/metal interface [150]. 

The iron-containing intermetallics FeAl3, Al7Cu2Fe, Al20Cu2(MnFe)3, and 

(FeMn)3Si2Al15  are not significantly affected by increases in pH [137,144,148,151,161], 

probably due to the stability of iron in alkaline solutions [144,151]. The Al7Cu2Fe phase 

supports remarkably high cathodic currents (>100µAcmï2) and becomes a more efficient 

cathode at higher pH [144]. The FeAl3, Al 20Cu2(MnFe)3, and (FeMn)3Si2Al15 

intermetallics are subject to de-alloying of aluminum [137,161].  
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2.3.3 Localized Corrosion 

2.3.3.1 Passive Film Breakdown 

The thickness of the natural air-formed oxide layer on aluminum is usually 

between 150-250Å but varies depending upon environmental conditions [108]. It contains 

absorbed water vapour and a small amount of carbon dioxide [162]. It has a duplex 

structure with an inner barrier layer consisting of mostly amorphous Al2O3 and a porous 

outer layer that is partially hydrated [113,162,163]. The oxide film is virtually insoluble 

between pH 4-8 [111,132,162]. 

Pitting is the result of several processes [142]: adsorption of chloride on the oxide 

surface, penetration of chloride ions through the oxide film, and localized dissolution of 

aluminum at the metal oxide interface, Figure 2.18. In solution, the outer layer of the 

natural air-formed oxide film is covered with a layer of hydroxyl groups whose charge is 

determined by its Lewis acid-base properties [142]. The isoelectric point of the natural 

air-formed oxide on aluminum is at pH of 9 or 9.5 [111,142], which means in neutral 

solutions the electrode surface acquires a positive charge, Reaction 1 in Figure 2.18, and 

is susceptible to adsorption of chloride ions, Reaction 2 in Figure 2.18 [142]. Adsorption 

is primarily the result of coulombic forces and induction of the adsorbent by the 

approaching chloride 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], ówater channelsô [142], localized film dissolution or thinning [111,142], or 

an ion exchange mechanism caused by complexing affinity [111]. Partial penetration 

through local flaws or cracks in the film is also possible [142]; cracking may be a result 

of stresses induced by adsorbed chloride [111]. 
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Figure 2.18 ï Electrode kinetic scheme for pit initiation on pure aluminum in chloride 

solutions [142]. In Al(oxide)OH: 'Al ' represents the atoms immediately 

below the oxide layer and 'OH' represents the outer layer of surface hydroxyl 

groups. VOÅÅ represents an oxygen vacancy in the oxide film. ClOÅ represents a 

chloride ion occupying an oxygen lattice site. 

 

After penetration, dissolution of aluminum occurs at the metal/oxide interface in a series 

of one-electron transfer reactions, Reactions 3-6, Figure 2.18 [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 heterogeneities [142]. Pits are associated with 

blisters underneath the oxide layer which form, grow, and eventually rupture due to 

hydrogen pressure [142]. 

Pits also form on cathodic polarization as a result of local alkalinity [119,120], 

especially in the presence of oxygen [110]. Cathodic pits are about 10-20µm in diameter, 

with pit diameter increasing in proportion to polarization [120]. 
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2.3.3.2 Localized Corrosion Involving Intermetallic Phases 

Intermetallic phases are associated with a distinct localized attack morphology 

known as ótrenchingô where circumferential pitting appears mainly in the matrix phase as 

a ring of attack around the periphery of particles [151]. Cathodic trenching is trenching 

caused by alkaline attack from hydroxide ions produced by cathodic reactions occurring 

on the intermetallic [148,149]. The trenches can grow large enough that the cathodic 

phase becomes dislodged from the electrode and the area repassivates [120,124]. 

Anodic trenching is caused by galvanic coupling of the matrix and intermetallic 

[149]. The matrix surrounding soluble copper-containing intermetallics is depleted of 

copper and as a result has a more negative pitting potential [149,152]. This mechanism is 

supported by the observation that trench characteristics are influenced by chloride ion 

concentration ï which has no effect on oxygen reduction kinetics, but influences pitting 

potential [149]. 

CuMgAl2 is initially anodic to the matrix [144,148,154]. It is subject to de-

alloying of aluminum and magnesium, preferentially from edges first [137,152-155], and 

its copper-rich remnants eventually become cathodic to the matrix 

[137,148,155,156,159,165,166]. The porous de-alloyed structure is subject to non-

Faradaic liberation of copper [166], Figure 2.19. Copper containing clusters (10-100nm in 

diameter), which are mechanically removed by convection of the electrolyte, are held in 

the corrosion product gel and transported by convection [159,165]. The copper clusters 

are electrically isolated from the electrode and attain their own natural corrosion potential 

which allows for their oxidation [159,165]. The copper ions can then be redeposited on 

the matrix causing secondary pitting [159,165] or redeposited on other cathodic particles 

[148,155]. 
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Figure 2.19 ï Schematic illustration of a mechanism for redistribution of copper by 

dissolution of large CuMgAl 2 and CuAl 2 intermetallic particles in aluminum 

alloys [166].  

 

 

Trenching is also observed around CuAl2 [148,152], possibly the result of CuAl2 

locally polarizing the surrounding matrix above its pitting potential [148]. Aluminum is 

de-alloyed in a similar manner to CuMgAl2, Figure 2.19 [159,165], however in situ 

AESEC seems to suggest that it is not susceptible to the non-Faradaic liberation of de-

alloyed copper clusters [123]. 

Trenching is also observed around Al20Cu2(MnFe)3 [149,152,153] but less than 

the copper-rich soluble intermetallics [149] and only after other active particles are 

consumed [137,153]. Al20Cu2(MnFe)3 is expected to be cathodic to the matrix 

[148,153,155] and can be a site for the deposition of dissolved copper in solution [155].  
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2.3.4 Effect of Major Alloying Elements 

In general, increasing the copper content reduces corrosion resistance 

[108,113,167-172]. The amount of copper in solid solution primarily controls the 

electrode potential [11] but the presence of CuAl2 also has some influence [173]. The 

corrosion and pitting potential become more noble with increasing amounts of copper 

[139,172,174,175]. The pitting dissolution rate decreases with copper in solid solution 

[175] and pit interiors become enriched with copper [174]. Copper in solid solution 

enhances oxygen reduction currents on the matrix [144]. Copper has a low hydrogen 

overvoltage and significantly increases the amount of cathodic hydrogen evolution [102-

108,117,123]. Pure aluminum corrodes with only oxygen reduction, but annealed 

duralumin (i.e. AA2017) corrodes with equal amounts of oxygen reduction and hydrogen 

evolution at open circuit conditions in 0.5M NaCl [108]. When copper is present as CuAl2 

it increases the amount of hydrogen evolution without affecting oxygen reduction [108]. 

The ratio of hydrogen evolution to oxygen reduction remains constant even under 

different conditions of aeration.  

 Copper-containing intermetallics act as efficient cathodes [102-108,148,149] and 

also affect the continuity of the oxide film [102-108]. The morphology of the copper-

containing intermetallics determines the 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 cathode perimeter [102-108,176]. This so-called óedge effectô can have a 

large effect depending on the size and distribution of precipitates [102-108,176]. Any 

copper is also a potential source for dissolution and cathodic redeposition of metallic 

copper which accelerates corrosion [163,164,168,177]. 
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Moderate additions (0.5wt%) of magnesium improve corrosion resistance 

[113,167,170]. Higher amounts of magnesium decrease corrosion resistance [170]. It is 

postulated that magnesium ions may affect the cathodic process if incorporated into the 

oxide film [164]. Silicon has a beneficial effect in the range 0.5-0.8wt% [170,178]. If free 

silicon is present it is detrimental [167,168]. 

Manganese (<0.6wt%) improves corrosion resistance [167,169,170], especially in 

the presence of 0.5-0.6wt% silicon [170]. Compounds of manganese can absorb some 

iron which helps prevent the formation of more harmful iron-rich intermetallics 

[113,167,168,178]. Manganese does not counteract the negative effects of nickel or cobalt 

[167]. Large amounts of manganese (>1.5wt%) form ternary compounds with aluminum 

and copper that decrease corrosion resistance [169,170]. 

 

 

2.3.5 Effect of Minor Alloying Elements and Impurities 

In general, the presence of impurities has a detrimental effect on corrosion 

resistance [129,167,168,178,179], however their microsegregation (e.g. to grain 

boundaries or the surface film) is more important than the impurity content 

[111,167,168]. Impurities may affect the electrode potential and corrosion rate 

[111,135,145] but generally do not change the pitting potential [111,136,145] or affect 

dissolution rate at current densities above 0.01mAcmï2 [111]. Impurities usually affect 

the cathodic process [180,181] and typically increase the amount of hydrogen evolution 

[111,120]. The most common impurities in aluminum-copper alloys are iron, nickel, tin, 

lead, zinc, and antimony [178]. 
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Iron is the most common impurity and is detrimental to corrosion resistance in 

contents from 0.2-1.5wt% [113,170,171,178]. Its compounds act as efficient cathodes 

[102-108,148,149], affect the continuity of the oxide film [102-108,162] and enhance 

aluminum dissolution [182]. It forms a compound with aluminum and copper, Cu2FeAl7, 

which supports cathodic currents orders of magnitude larger than other intermetallics 

[151]. Nickel behaves similarly to iron and is harmful to corrosion resistance 

[113,171,178]. 

Tin (0.2-0.7wt%) has a negative effect on corrosion resistance [113,178,183]. 

Lead (0.3-0.7wt%) and antimony (0.1-0.6wt%) are not detrimental to corrosion resistance 

[113,169,178,183]. 

Zinc (<1wt%) is usually present in solid solution and has no detrimental effect on 

corrosion or stress corrosion [178,183-185]. It may have a slight effect on the pitting 

potential and cathodic current [186,187] or increase the potential difference between the 

matrix and CuAl2 [169]. 

Titanium (0.2wt%) is usually added as a grain refiner and has no effect on 

corrosion resistance [171,183] but has a beneficial effect on resistance to SCC 

[113,178,188-192]. It may slightly shift the corrosion or pitting potential [191,193] and 

also the potential difference between the matrix and CuAl2 [193]. The use of niobium 

instead of titanium as a grain refiner has no adverse effect on corrosion resistance [171]. 

Chromium (0.2wt%) improves resistance to corrosion and SCC [113,178,183] but its 

effect is less than is seen in other aluminum alloys (e.g. Al -Zn alloys) [178]. 

 

 

 



 

49 

 

2.3.6 Effect of Thermomechanical Treatment and Sequence History 

Metal working and heat treatment procedures bring about changes in structure that 

can have a dramatic effect on corrosion behaviour, particularly: resistance to intergranular 

corrosion (IGC), stress corrosion cracking (SCC), and exfoliation corrosion 

[113,171,178,193,194]. 

If the quench rate after solution heat treatment is too slow or there is delay 

between removal from the furnace and quenching, there is excessive precipitation at grain 

boundaries which lowers resistance to IGC, SCC, and exfoliation [35,113,157,194]. There 

are residual stresses from quenching which are compressive near the surface and actually 

enhance resistance to SCC [113,194]. However, subsequent machining operations 

frequently leave the tensile area exposed which lowers resistance to SCC [194]. 

Stretching after quenching helps relieve stresses and improves resistance to SCC 

[113,194,195]. During artificial aging, resistance to IGC and SCC drastically decreases 

with short aging times and then increases as full aging is approached [113,194,195]. The 

changes in IGC and SCC resistance are the result of the potential difference between the 

grain bodies and the copper-depleted area near the grain boundaries [113,174,194-197], 

Figure 2.20. The copper-depleted region is anodic to the grain interiors and to the grain 

boundary precipitates [113,174,194-197]. The best resistance to IGC and SCC occurs 

when precipitation occurs evenly throughout the matrix [113,194]. 

 Working changes grain structure to the extent that IGC, SCC, and exfoliation 

resistance are affected [194]. Long, thin, ópancake-likeô grains are the most susceptible to 

exfoliation [113,194]. The resistance to SCC is best in the longitudinal direction and 

worst in the short transverse direction [113,194,195].  
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Figure 2.20 ï The potentials of the grains and grain boundaries of an Al-4wt%Cu alloy 

which was heat-treated at 930°F (500°C), quenched in cold water, and aged 

at 375°F (190°C) [195]. Solution of 53gLï1 NaCl + 3gLï1 H2O2. 

 

Sheet product is thin enough that it is fully recrystallized during heat treatments 

and is very resistant to SCC in all directions [113,194]. Plate products are not fully 

recrystallized during heat treatments and cannot be quenched as rapidly as thin sheet and 

are more susceptible to SCC than sheet [113,194]. The center of the plate contains 

elongated grains which are susceptible to SCC, especially in the short transverse direction 

[113,194].  

 Rod and bar product has similar SCC resistance to plate product [113]. It has 

superior SCC resistance in the longitudinal direction and poor SCC resistance in the 

transverse direction [113,194]. Extrusions have a SCC resistance similar to rolled 

products [194]. The recrystallized outer surface band on extrusions is not susceptible to 

exfoliation [113,194].  
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 The corrosion behaviour of forgings depends upon metal flow patterns [113,194]. 

Their SCC resistance is similar to extrusions and rolled products [194] but typically have 

lower resistance in the longitudinal direction as a result of non-uniform metal flow [113]. 

Forgings may also be more susceptible because their residual stresses from quenching 

cannot be relieved by stretching or pressing [113]. 

 

  



 

52 

 

CHAPTER 3 EXPERIMENTAL  

3.1 POWDER METALLURGY PROCESSING 

3.1.1 Compaction 

Green compact ópucksô were made by compacting 2.5g of powder pre-mix in a 

15mm diameter, tungsten carbide, floating die assembly manufactured by Quala-Die, Inc. 

(St. Marys, Pennsylvania, U.S.A.), Figure 3.1. Compacting pressure was applied using a 

SATEC Series 5594-200HVL load frame (1MN capacity) manufactured by Instron 

Industrial Products (Grove City, Pennsylvania, U.S.A.). The desired compaction pressure 

was approached in a step-wise manner with a loading rate of 2kNsï1. Samples sintered 

industrially were all compacted at 300MPa. Samples sintered in the laboratory were 

compacted at: 100, 200, 300, 400, 500, or 600MPa.  

 

 

Figure 3.1 ï Floating die assembly for powder compaction.  
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3.1.2 Sintering 

A portion of samples were sintered amongst industrial production at GKN Sinter 

Metals (Conover, North Carolina, U.S.A.). This plant regularly sinters Alumix 123 parts 

in high volume. The samples were sintered under a nitrogen atmosphere in a continuous 

wire mesh belt conveyor furnace employing standard 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 the puck that was in contact with the lower punch during powder 

compaction was adjacent to the tray.  

Samples sintered in the laboratory were done so in a Lindberg/Blue M 3-zone 

horizontal tube furnace with a stainless steel retort, Figure 3.2, manufactured by Thermo 

Electron Corporation (Asheville, 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 to a digital thermometer with a sensitivity of 0.1°C.  Prior to 

sintering the furnace was evacuated (<7Pa) and purged with nitrogen twice. The sinter 

cycle consisted of a 30 minute de-lubrication stage at 400°C followed by a 20 minute 

sinter at 595°C. The entire sinter cycle took place under an atmosphere of flowing (20L 

per minute) ALPHAGAZ 1 nitrogen (>99.999% pure; H2O: <3ppm; O2: <2ppm) sold by 

Air Liquide America Specialty Gases LLC (Houston, Texas, U.S.A.). After the sinter 

cycle was completed, samples were gas quenched in a water cooled jacket and remained 

under flowing nitrogen until their temperature reached 100°C, upon which they were 

removed from the furnace and air cooled to room temperature.  
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Figure 3.2 ï Horizontal tube furnace for sintering. 

 

 

3.1.3 Sizing 

Samples were sized using the same load frame used for powder compaction but in 

a larger (30mm diameter) die assembly in order to accommodate the expansion of the 

samples as a result of sintering. The die assembly used for sizing was of the same type 

and manufacture as used for powder compaction, except containing the larger diameter 

die. Prior to sizing samples, the peripheries of their flat circular faces were carefully 

deburred ï the samples were held at an inclination and the edges abraded using motion 

and force applied by hand against a piece of stationary SiC paper.  

Sizing fluid was obtained from GKN Sinter Metals (Conover, North Carolina, 

U.S.A.) and as per industry norm was diluted with 3 parts water to 1 part sizing fluid in 

order to emulate industry as much as possible. As per industry recommendations, 

immediately prior to sizing, samples were thoroughly coated by full submersion in to a 
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container of sizing fluid. During sizing, the pucks were oriented so that the flat circular 

face of the puck that was in contact with the lower punch during powder compaction was 

in contact with the lower punch during sizing. Only industrially sintered samples were 

sized. The sizing pressure was approached in a step-wise manner with a loading rate of 

2kNsï1. Sizing pressures were 100, 200, 300, 310, 390, 400, 460, 500, or 600MPa. 

Samples that were corrosion tested were all sized at 310MPa which corresponds to a 

reduction in height of 5%.  

 

3.1.4 Processing Response 

The change in diameter, height, and mass of samples upon sintering and the 

change in height of samples upon sizing were measured. Diameter was measured using 

calipers with a sensitivity of 0.01mm, height was measured using a micrometer with a 

sensitivity of 0.001mm, and mass was measured using a scale with a sensitivity of 

0.0001g.  

Green and sintered density was measured in accordance with Metal Powder 

Industries Federation (MPIF) Standard 42. Specimens were weighed in air and in 

deionized water containing a small amount of wetting agent. Specimens were suspended 

in the deionized water by 0.12mm diameter copper wire using the ótwisted wire 

arrangement.ô The temperature of the deionized water was measured by a digital 

thermometer with a sensitivity of 0.1°C and its density calculated with correction for the 

presence of dissolved air according to recent equations [198] which are recommended by 

the National Institute of Standards and Technology (NIST). The presence of solid 

lubricant in the powder pre-mix effectively sealed the exterior of the green compacts 
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during compaction so that no oil impregnation was necessary. Green density was 

calculated using the following equation: 

(9) ”  
 

 
 

Prior to weighing the porous sintered samples in deionized water, they were sealed by 

vacuum oil impregnation at room temperature. The specimens were submersed in 

hydraulic oil of ISO viscosity grade 46 and 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 specimens were kept immersed for 30 minutes. Sintered 

density was calculated using the following equation: 

(10) ”    

 
 

The theoretical density of Alumix 123 was calculated from its nominal composition as 

2.777gcmï3 according to the equations from the Aluminum Association (Arlington, 

Virginia, U.S.A.). 

 

 

3.2 ELECTROCHEMICAL  TESTING 

3.2.1 Sample Preparation 

Wrought AA2014-T6 test specimens were prepared from 3.25 inch (83mm) 

diameter extruded rod so that the transverse plane was in contact with the electrolyte 

during electrochemical testing. The rod was sectioned with a band saw along the 

transverse plane into 4mm thick slices and a hole-saw drilled in to the longitudinal plane 

of the slices was used to extract 0.625 inch (15.9mm) diameter test specimens.  
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Wrought AA2014-T6 test specimens and laboratory sintered Alumix 123-T1 

samples were polished using standard metallographic techniques immediately prior to 

electrochemical testing. Samples were abraded on successively finer grits of wet SiC 

paper (240, 320, 400, and 600 grit), then polished using successively finer oil-based 

diamond suspensions (9, 6, 3, and 1ɛm) on manufacturer recommended polishing clothes, 

cleaned ultrasonically in acetone and then in deionized water, and finally thoroughly 

rinsed with deionized water and dried using a hand drier. The SiC paper, diamond 

suspensions, and polishing clothes were from BUEHLER (Lake Bluff, Illinois, U.S.A.). 

Industrially sintered Alumix 123-T1 samples were tested óas-sinteredô with no 

polishing but the peripheries of their flat circular faces had to be deburred so that a 

sufficient seal and electrical contact could be maintained during testing. The samples 

were held at an inclination and the edges abraded using motion and force applied by hand 

against a piece of stationary SiC paper. The surface of the flat circular face which was 

exposed to the electrolyte during testing was not disturbed by the deburring operation. 

During testing the sample was oriented so that the flat circular face, which was in contact 

with the upper punch during powder compaction, was exposed to the electrolyte. 

Industrially sintered and sized Alumix 123-T2 samples were tested óas-sizedô with 

no polishing. These samples were previously deburred prior to the sizing operation. These 

samples retained some sizing fluid in their pores and on their surface which was present 

during testing. During electrochemical 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 conducted in a naturally aerated 3.5wt% NaCl 

electrolyte. The solution was prepared immediately prior to electrochemical testing using 

analytical-grade NaCl (>99.0% assay) obtained from Fisher Scientific (Fair Lawn, New 

Jersey, U.S.A.) and ultrapure óType 1ô deionized water (>18MɋĀcm) obtained from a 

Direct-Q® 5UV-R water purification system, Figure 3.3, manufactured by EMD 

Millipore Corporation (Billerica, Massachusetts, U.S.A.). 

 

 

Figure 3.3 ï Water purification system for electrolyte preparation. 
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3.2.3 Electrochemical Cell & Potentiostat 

Standard electrochemical instrumentation consisting of a three electrode bulb cell 

connected to a Model 273A Potentiostat/Galvanostat manufactured by EG&G Princeton 

Applied Research (Princeton, New Jersey, U.S.A.), which incorporated a grounded 

electrometer, was used for electrochemical measurements, Figure 3.4. The potentiostat 

was connected to a desktop computer and controlled via CorrWare® software sold by 

Scribner Associates, Inc. (Southern Pines, North Carolina, U.S.A.). The potentiostat was 

calibrated by the use of a laboratory-made ódummy cell.ô 

The standard three electrode 1L glass bulb cell contained a working electrode 

assembly that exposed a nominal area of exactly 1cm2 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 electrode (SCE) (KCl(satôd) | Hg2Cl2(s) | 

Hg(l) | Pt), Figure 3.4. 

Apart from the reference electrode, the entire electrochemical cell was comprised 

from the Model K0047 Corrosion Cell System and Model K0105 Flat Specimen Holder 

manufactured by Princeton Applied Research (Oak Ridge, Tennessee, U.S.A.). The 

working electrode sample holder was composed of 303 stainless steel encapsulated in a 

rigid fluorocarbon óTefzel-280ô and the area around the test specimen was sealed with a 

óDuPont Kalrezô fluorocarbon elastomer washer, Figure 3.5. The sample holder is 

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 which is sealed to 

the working electrode body with a DuPont Kalrez O-ring and kept in place by a thumb 

nut and Teflon washer, Figure 3.5. 
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Figure 3.4 ï Electrochemical cell and potentiostat used for electrochemical measurement.  

 

 

Figure 3.5 ï Schematic of the working electrode (from Princeton Applied Research) 
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The reference electrode was a glass body Accumet® SCE with a porous ceramic 

junction manufactured by Fisher Scientific (Fair Lawn, New Jersey, U.S.A.), and was 

brought in close proximity to the working electrode via a Luggin capillary which was 

filled with 3.5wt% NaCl electrolyte and equipped with an ultra low-leakage óVycorô frit. 

The reference 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 temperature (22±3°C). During 

testing approximately 23cm2 of nominal counter electrode surface area was in contact 

with the electrolyte. All current densities are based off the nominal area of test specimen 

exposed to the electrolyte (1cm2). 

 

 

3.2.4 Open Circuit Potential 

The potential of the working electrode under open circuit conditions was 

monitored versus time for a period of 1 hour for the wrought samples and 2 hours for the 

P/M samples. The P/M samples were monitored for a longer period of time because they 

were highly non-planar and took longer to equilibrate with the electrolyte. The potential 

at the conclusion of the test is referred to as the óopen circuit potentialô (OCP). Prior to all 

subsequent applied-potential electrochemical testing, the open circuit potential was 

monitored and allowed to stabilize for the 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 

continuously at a rate of 0.1667mVsï1 (0.6Vhrï1) from the open circuit potential (OCP) to 

ï2.000VSCE.  

 

 

3.2.5.2 Cyclic Polarization 

During cyclic polarization the potential of the working electrode was varied 

continuously at a rate of 0.1667mVsï1 (0.6Vhrï1) from a potential more negative than the 

OCP to a predefined anodic current density or potential and then the direction of the scan 

was reversed to the cathodic direction until a predefined potential was reached. The 

characteristic test potentials and current densities varied between different samples and 

are outlined below. The polarization curves were analysed using the CorrViewTM 

software sold by Scribner Associates, Inc. (Southern Pines, North Carolina, U.S.A.). The 

corrosion current (icorr) and corrosion potential (Ecorr) of all samples were found by Tafel 

extrapolation; however the method of extrapolation had to be modified for different 

samples as outlined below. For all samples the repassivation potential (Erepass) was 

defined as the potential where the anodic current density reaches a value of 1A˃ on the 

reverse scan.  

For wrought AA2014-T6 samples the potential of the working electrode was 

varied from ï0.875VSCE until an anodic current density of 0.01Acmï2 was reached and 

then the direction of the scan was reversed to the cathodic direction until a potential of ï
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1.000VSCE. The corrosion current was found by the intersection of manually-fitted anodic 

and cathodic Tafel curves. 

For industrially sintered Alumix 123-T1 samples the potential of the working 

electrode was varied continuously from ï1.250VSCE until an anodic current density of 

0.01Acmï2 was reached and then the direction of the scan was reversed to the cathodic 

direction until a potential of ï1.000VSCE. The anodic branch of the polarization curve of 

these samples displayed non-Tafelian dependence and could not be accurately 

extrapolated by the conventional means. The corrosion current was found by the 

intersection of the manually-fitted cathodic Tafel curve with the corrosion potential. The 

passive current (ipass) was taken as the current density immediately prior to breakdown at 

the pitting potential. 

For industrially sintered and sized Alumix 123-T2 samples the potential of the 

working electrode was varied continuously from ï0.875VSCE until an anodic current 

density of 0.01Acmï2 was reached and then the direction of the scan was reversed to the 

cathodic direction until a potential of ï1.000VSCE. The corrosion current was found by the 

intersection of manually-fitted anodic and cathodic Tafel curves. 

For laboratory sintered Alumix 123-T1 samples the potential of the working 

electrode was varied continuously from ï1.250VSCE until a potential of ï0.400VSCE and 

then the direction of the scan was reversed to the cathodic direction until a potential of ï

1.000VSCE. The anodic branch of the polarization curve of these samples displayed non-

Tafelian dependence and could not be accurately extrapolated by the conventional means. 

The corrosion current was found by the intersection of the manually-fitted cathodic Tafel 

curve with the corrosion potential. The passive current (ipass) was taken as the current 

density immediately prior to breakdown at the pitting potential. 
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Corrosion rate was calculated from corrosion current in accordance with ASTM 

G102. Equivalent weight (EW) was calculated based off nominal composition and as per 

norm only alloy components present in amounts over 1wt% were included, meaning for 

both AA2014-T6 and Alumix 123 calculations were made for an alloy containing 

95.5wt% Al and 4.5wt% Cu. The valence of aluminum and copper were taken to be 3 and 

2 respectively and the equivalent weight (EW) of the alloys calculated to be 9.29 gram 

equivalents. Corrosion rate (CR) in mmyrï1 was calculated by: 

(11) ὅὙ  σȢςχρπ Ὁὡ 

where corrosion current (icorr) is in ɛAcm
ï2 and density (ɟ) is in gcmï3. The density of 

AA2014-T6 was taken as 2.80gcmï3 as 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 current transients were recorded 

as a function of time and at rate of 1 point per second. All sample types were subject to 

the same potentiostatic tests. Potentiostatic polarization experiments were conducted at: ï

1.100VSCE, ï0.750VSCE, and ï0.700VSCE for 6 hours and at ï1.500VSCE and ï0.500VSCE 

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) was performed by the Minerals Engineering Centre (MEC) at Dalhousie 

University using a Vista-Pro CCD Simultaneous ICP-OES, Figure 3.6, manufactured by 

Varian, Inc. (Palo Alto, California, U.S.A.). All samples were analyzed using standard 

operating procedures and alongside appropriate quality control samples certified by the 

National Bureau of Standards (Washington, D.C., U.S.A.). Chemical analysis of Alumix 

123 was performed on a sintered compact. 

 

 

Figure 3.6 ï Inductively coupled plasma emission spectrometer for chemical analyses. 
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3.3.2 Particle Size Analysis 

Particle size measurements were performed by the MEC at Dalhousie University 

using a Mastersizer 3000 laser diffraction particle size analyzer, Figure 3.7, manufactured 

by Malvern Instruments (Malvern, Worcestershire, United Kingdom). Particle size was 

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

 

 

Figure 3.7 ï Laser diffraction particle size analyzer. 

 

 

3.3.3 Optical Microscopy 

Optical micrographs were captured in monochrome using a BX51 light 

microscope and DP71 digital camera, Figure 3.8, both manufactured by Olympus 

(Shinjuku-ku, Tokyo, Japan), and Image-Pro 6.3 software sold by Media Cybernetics 

(Bethesda, Maryland, U.S.A.). Alumix 123 pre-mix was mounted in epoxy resin by 

mixing 2 parts pre-mix with 3 parts epoxy resin, as per literature recommendations [51], 

and then polished using standard metallographic techniques. To view the microstructure 
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of air atomized aluminum particles, the mounted pre-mix was etched using Kellerôs 

reagent. All other samples were etched in a solution of 2g NaOH, 5g NaF, and 93mL 

deionized H2O. 

 

 

Figure 3.8 ï Optical microscope and digital capture system. 

 

 

3.3.4 Scanning Electron Microscopy 

Electron micrographs were captured using a Model S-4700 cold field emission 

scanning electron microscope (SEM), Figure 3.9, manufactured by Hitachi High-

Technologies Corporation (Minato-ku, Tokyo, Japan). The SEM contains an integrated 

INCA X-MaxN 80mm silicon drift detector (SDD) manufactured by Oxford Instruments 

(Abingdon, Oxfordshire, United Kingdom) that is used for energy dispersive X-ray 

spectroscopy (EDS). For imaging, the SEM was operated with a 10kV accelerating 
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voltage and 20˃A emission current. For EDS, the SEM was operating with a 20kV 

accelerating voltage and 10˃A emission current. The working distance was always kept 

close to 12mm. In order to analyse Alumix 123 powder pre-mix it was secured to a pin 

stub mount with silver chloride paste. Prior to analysis in the SEM, sized P/M samples 

were treated in 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 viscosity self-curing resin, sectioned, and polished. Before mounting, the sized 

P/M samples were treated in a Soxhlet apparatus for 8 hours with petroleum ether to 

remove sizing fluid. Prior to examination in the SEM, mounted samples were carbon 

coated using a DV-502A high vacuum evaporator platform manufactured by Denton 

Vacuum (Moorestown, New Jersey, U.S.A.).  
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Figure 3.9 ï Scanning electron microscope with integrated energy dispersive X-ray 

spectroscopy system. 

 

 

3.3.5 X-Ray Diffraction 

X-ray diffraction (XRD) patterns were collected using CuKŬ1 radiation (ɚ=1.54Å) 

in a D8 ADVANCE X-ray diffractometer, Figure 3.10, manufactured by Bruker 

(Madison, Wisconsin, U.S.A.) operating with a tube voltage of 40kV and a tube current 

of 40mA.  
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Figure 3.10 ï X-ray diffractometer. 
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CHAPTER 4 MATERIALS  

Alumix 123 was obtained from ECKA Granules Germany GmbH (Fürth, Bavaria, 

Germany) as a ópress readyô pre-mix containing 1.5wt% admixed óLicowax Cô solid 

lubricant and blended by the manufacturer. The product was analysed by the 

manufacturer and certified to quality control standards for particle size distribution, 

apparent density, flowability, and chemical composition. 

Wrought AA2014-T6 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 AMS-QQ-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 shown in Table 5.1, particle 

size distribution in Figure 5.1, and polished cross section in Figure 5.2. The small 

increase in particle size frequency between 10 and 30ɛm may be due to the admixed solid 

lubricant or alloy additions which are typically added in fine particle size to promote a 

homogenous distribution.  

The pre-mix is comprised of elemental and master alloy powders, Figure 5.3 

through Figure 5.6, whose approximate composition is shown in Table 5.2. The elemental 

aluminum powder has a nodular and irregular shape which is characteristic of air 

atomization [1,3,36] and contains some silicon and iron as impurities, Table 5.2. The 

cross sectional microstructure, Figure 5.4, has a dendritic cell pattern which is typical of 

air atomized aluminum. 

 

 

Table 5.1 ï Chemical analysis of Alumix 123 by ICP-OES (wt%). Balance Al. 

Composition Cu Mg Si Fe Mn 
Others 

(each) 

Others 

(total) 

Nominala 4.30-4.70 0.40-0.60 0.50-0.80 ï ï ï ï 

Analysed 4.57 0.52 0.80 0.11 <0.01 ïb 0.21 

aPlus 1.40-1.60wt% lubricant 
bCa: 0.03; Ga: 0.01; K: <0.01; Na: 0.02; Ni: 0.01; P: 0.03; Pb: 0.01; S: 0.02; Sn: 0.02;    

V: 0.01; Zn: 0.05 
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Figure 5.1 ï Particle size distribution of Alumix 123. 

 

 

Figure 5.2 ï Optical micrograph of polished cross section of Alumix 123 pre-mix 

mounted in epoxy resin (unetched). 
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Figure 5.3 ï SEM micrographs of different particles in Alumix 123: (a) elemental 

aluminum; (b) elemental copper; (c) magnesium-containing master alloy; (d) 

silicon-containing master alloy. The powders were mounted on silver 

chloride paste. 

 

 

Table 5.2 ï Summary of EDS point analyses of different particles in Alumix 123 (wt%). 

Particle Type 

EDS Point Analysis (wt%)a 

Al  Cu Mg Si Other 
No. of 

points 

Al  99.8±0.3 ï ï 0.1±0.3 0.1±0.1 Fe 9 

Cu ï 100.0±0.0 ï ï ï 2 

Mg-containing 50.2±2.6 ï 49.7±2.7 0.1±0.2 0.0±0.1Zn 12 

Si-containing 90.1±3.2 ï ï 9.9±3.1 0.0±0.1 Fe 16 

aValues are given as mean ± standard deviation 
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Figure 5.4 ï Optical micrograph of cross sectional microstructure of different particles of 

Alumix 123 mounted in epoxy resin (etched): (a) elemental aluminum; (b) 

silicon-containing master alloy. 

 

 

Figure 5.5 ï XRD pattern of Alumix 123 powder pre-mix: (a) full pattern; (b) close up of 

smaller peaks. 
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The elemental copper powder has a high purity, Table 5.2, and dendritic shape, 

Figure 5.3, characteristic of electrolytic deposition from aqueous solution. The XRD 

pattern for the powder pre-mix, Figure 5.5, contains peaks corresponding to elemental 

copper. Other investigators [55,199-201] have also found Alumix 123 to contain 

elemental copper powder. 

The magnesium-containing particles have a jagged and angular particle shape, 

Figure 5.3, and in some areas ósaw toothô pattern marks are apparent, Figure 5.6. These 

features are indicative of a mechanical powder production process. The high magnesium 

content of the master alloy, Table 5.2, would make it easy to pulverize. Based on the 

composition in Table 5.2, the Al12Mg17 intermetallic is expected to be the only phase 

present [11] and in the XRD pattern for the pre-mix, Figure 5.5, there is a small peak 

which could correspond to this phase. Other investigators [55,200,201] have found 

Alumix 123 to contain magnesium as a master alloy powder ï some of which also found a 

composition of Al-50wt%Mg by EDS analyses [200,201] and suggested the angular 

morphology to be the result of mechanical grinding [200].  

The silicon-containing particles are rounded and have an ellipsoid or cylindrical 

particle shape, Figure 5.3, with a rough, irregular surface, Figure 5.6.  These features may 

be the result of an atomization process ï although the silicon-containing particles are 

much more elongated and smoother than the elemental aluminum powder which is also 

believed to be air atomized. The silicon-content of the master alloy, Table 5.2, would 

presumably increase fluidity and could have modified particle shape and solidification 

during atomization. The cross sectional microstructure of the silicon-containing particles, 

Figure 5.4, is consistent with rapid cooling, which would be experienced during 

atomization. Other investigators [55,200,201] have found Alumix 123 to contain silicon 
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as a master alloy powder. One investigation [200] suggested the master alloy powder was 

produced by atomization. Independent EDS analyses found the composition of the master 

alloy to be Al-12.5wt%Si [200] and Al-12wt%Si [201] ï well within the standard error in 

Table 5.2. 

 

 

 

Figure 5.6 ï SEM micrographs of surface characteristics of different particles in Alumix 

123: (a), (b) magnesium-containing master alloy; (c), (d) silicon-containing 

master alloy. The powders were mounted on silver chloride paste. 
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5.2 AA2014-T6 

The analysed chemical composition of the wrought AA2014-T6 extruded rod is 

shown in Table 5.3. Optical and SEM micrographs are shown in Figure 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 Chinese script morphology. These phases are 

shown with higher magnification in Figure 5.9. 

The round globular phase is probably ɗ-CuAl2 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. However, the solution heat treatment and artificial 

aging regime involved in the T6 temper probably spheroidized this constituent.  ɗ-CuAl2 

or its derivative ɗ' should also be present along grain boundaries although these 

precipitates were not visible in the SEM or optical microscope. EDS point analyses of the 

round globular phase is close to stoichiometric ɗ-CuAl2, Table 5.4; the discrepancy may 

be explained by the fact that the ɗ-CuAl2 phase actually contains slightly less copper than 

given by its formula [11] and that EDS analysis may invoke electron interaction with the 

surrounding matrix. Electron interaction with the matrix may also explain the detection of 

silicon, which is expected to have a low solubility in CuAl2 [11,202]. There is further 

evidence for the presence of ɗ-CuAl2 in the XRD pattern of this alloy, Figure 5.10, which 

contains peaks corresponding to this phase. 
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Table 5.3 ï Chemical analysis of AA2014-T6 by ICP-OES (wt%). Balance Al. 

Composition Cu Mg Si Mn Fe Cr Zn Ti 
Others 

(each) 

Others 

(total) 

Nominala 3.9-5.0 0.20-0.8 0.50-1.2 0.40-1.2 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 ïb 0.12 

aMaximum unless shown as a range 
bBi: 0.03; Ca: 0.01; Ga: 0.01; K: <0.01; Na: 0.01; Ni: 0.03; P: <0.01; Pb: 0.01; V: 0.01 

 

 

Figure 5.7 ï Optical micrographs of AA2014-T6 (etched): (a) transverse plane; (b) 

longitudinal plane. 
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Figure 5.8 ï SEM micrographs of AA2014-T6: (a) transverse plane; (b) longitudinal 

plane. 
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Figure 5.9 ï SEM micrographs of constituents in AA2014-T6 (transverse plane): (a) 

round, globular constituent; (b) Chinese script constituent. 
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Table 5.4 ï Summary of EDS point analyses of major phases in AA2014-T6 (wt%).  

Phase 

EDS Point Analysis (wt%)a 

Al  Cu Mg Si Mn Fe Cr 
No. of 

points 

Matrix 93.2±0.9 5.0±0.1 0.4±0.0 0.7±0.3 0.7±0.6 ï ï 7 

Round, 

globularb 
48.7±2.2 51.0±2.1 ï 0.3±0.1 ï ï ï 9 

Chinese 

scriptc,d 
61.2±3.9 7.5±0.7 ï 6.4±0.5 10.2±1.7 14.4±1.6 0.3±0.1 12 

aValues are given as mean ± standard deviation 

bCuAl2 formula: Al: 45.9; Cu: 54.1 
c(CuFeMn)3Si2Al 15 formula: Al: 62.1-64.7; Si: 8.6-9.0; (CuFeMn): 26.3-29.3 
d(CuMnFe)3SiAl12 formula: Al: 59.7-62.7; Si: 5.2-5.4; (CuFeMn): 31.9-35.1 

 

 

Figure 5.10 ï XRD pattern of AA2014-T6 (transverse plane): (a) full pattern; (b) close-up 

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 

morphology was not significantly affected by subsequent heat treatment ï suggesting the 

presence of elements which have low solubility in aluminum. This phase was found by 

EDS analyses, Table 5.4, to consist of aluminum, copper, iron, manganese, silicon, and a 

small amount of chromium. The phase relations involving these elements are complex 

and convoluted by the ability of intermetallics to take other elements in to solution. There 

are no universally agreed upon formulae and compositional information for these 

intermetallics, so a conclusive identification of the Chinese script phase is beyond the 

scope of this work. Based on the available evidence a probable candidate is the Ŭ-

AlFeMnSi phase which has been described by the formula (FeMn)3Si2Al 15 or 

(FeMn)3SiAl12 [11,202], and is the result of some miscibility between the Ŭ-AlFeSi 

(Fe2SiAl8) and Ŭ-AlMnSi (Mn3Si2Al 15 or Mn3SiAl12) phases. The Ŭ-AlFeMnSi phase may 

contain chromium in place of iron and manganese, and may also absorb copper into 

solution as (CuFeMn)3Si2Al15 or (CuMnFe)3SiAl12 [11]. These formulae are in 

approximate agreement with the EDS analyses of the Chinese script phase, Table 5.4. 

Copper may also replace silicon in Ŭ-AlFeMnSi [11] which may partly explain the 

discrepancy between the analysed silicon and that given by the formulae in Table 5.4.  

Referring to the XRD pattern, Figure 5.10, there is a good match in the powder 

diffraction database for an intermetallic of the formula (Fe3.2Mn0.8)Si2Al17 which has a 

composition closely corresponding to Ŭ-AlFeMnSi (i.e. (FeMn)3Si2Al 15 or 

(FeMn)3SiAl12), the same crystal structure as Ŭ-AlFeMnSi (cubic) [11], and a lattice 

parameter within the possible confines for Ŭ-AlFeMnSi 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 been found to stabilize the cubic structure of Ŭ-AlFeMnSi [203] and presumably 

would not drastically alter the diffraction pattern of this intermetallic. 

The matrix was found by EDS point analyses, Table 5.4, to contain a large amount 

copper, in fact an amount exceeding the bulk content of the alloy, Table 5.3, indicating 

there must be electron interaction with surrounding copper-rich constituents during 

analysis. In addition to ɗ' and ɗ-CuAl2, there is expected to be Q-phase (Cu2Mg8Si6Al5) 

precipitates present in this alloy [11,202] which could be distributed throughout the 

matrix as finer precipitates and contributed to the excess copper detection. Upon close 

examination of Figure 5.9 there seems to be lighter-coloured areas in contrast with the 

matrix that are of smaller size than the round, globular ɗ-CuAl2 and may possibly be 

another type of precipitate, for instance Q-phase. This would also explain the detection of 

silicon and magnesium in the matrix, Table 5.4, although these elements may be present 

as Mg2Si as well or in the case of magnesium in solid solution with aluminum. There was 

also manganese detected in the matrix, Table 5.4, which may not be the result of electron 

interaction with the Chinese script phase as iron was not simultaneously detected. A 

source of manganese is potentially Cu2Mn3Al 20 or (CuMn)Al6 dispersoids which are 

expected to be present in this alloy [202], however it is not clear if this would contribute 

manganese X-ray peaks to the extent observed. It is worth pointing out that these 

particular products contained manganese and silicon contents near the maximum and 

minimum permissible values, respectively, Table 5.3, which may have influenced the 

amount of manganese-containing 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 in Figure 6.1. Laboratory sintered specimens were prepared 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 300MPa, Figure 6.1; higher 

compaction pressures lead to no practical increase in green or sintered density and only 

serve to increase die wear. With this information, and recommendations from industry, all 

industrially sintered specimens were prepared using a compaction pressure of 300MPa. 

The industrially sintered material possessed a superior sintered density compared to the 

laboratory sintered material, Figure 6.1, which was probably due to the use of pre-heated 

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 was approximately 92% theoretical density, Figure 6.1, which is comparable 

to other laboratory findings [55,199,200,204] where Alumix 123 was sintered at 590-

600°C for 20-30 minutes. Extending the isothermal sintering time to 60 or 120 minutes 

does not significantly increase densification [199,200]. The low sintered density of 

Alumix 123 can be interpreted in terms of the swelling of compacts as a result of 

sintering, Figure 6.2, which has been attributed to expansion and phase transformations in 

the lubricant [55] and formation of transient liquids of the Al-Mg, Al-Cu-Mg, and Al-Cu-

Mg-Si systems [200] during heating to the isothermal sintering temperature. 
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Figure 6.1 ï Green and sintered density of Alumix 123 as a function of compaction 

pressure. 

 

 

Figure 6.2 ï Sintering-induced dimensional and mass changes measured for green 

compacts of Alumix 123 as functions of compaction pressure. 
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The swelling of compacts occurred principally along the axis of uniaxial pressing, 

Figure 6.2, which could have been related to the contact area between metallic particles 

and their preferential orientation along the axis perpendicular to uniaxial pressing [55]. 

Expansion and phase transformations of the lubricant in the gap between contacting 

metallic particles would then lead to the preferential expansion of compacts along the axis 

of uniaxial pressing [55]. In a similar manner, if the contact area between the elemental 

alloy or master alloy additions and the base elemental aluminum powder was larger along 

the axis perpendicular to uniaxial pressing, then liquid phases may have preferentially 

formed and spread in this direction, leading to the increased swelling of compacts along 

the axis of uniaxial pressing. This mechanism is supported by Al-Cu pressed wire model 

experiments [86] where pure copper wire was uniaxially compacted amongst pure 

aluminum wire while oriented along the axis perpendicular to uniaxial pressing. During 

sintering, the Al-Cu eutectic penetrated rapidly along the axis perpendicular to uniaxial 

pressing but caused a much larger swelling along the axis of uniaxial pressing [86]. 

The distribution of porosity in Alumix 123-T1 was highly non-uniform, Figure 6.3; 

there was less porosity in the center of the compacts and along the face which was 

adjacent to the mesh belt during sintering. This is postulated to be related to the local 

sintering atmosphere in the area. The oxygen partial pressure near the exterior of 

compacts was probably higher than in the centre of compacts due to the continuous flow 

of fresh nitrogen which contained oxygen and water vapour contaminants that led to 

oxidation and disturbed the sintering and densification mechanisms of Alumix 123 in 

these areas. 
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Figure 6.3 ï Optical micrographs stitched together to show the distribution of porosity 

throughout the longitudinal plane of industrially sintered (unetched): (a) 

Alumix 123-T1; (b) Alumix 123-T2(5%). 
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As expected, the sizing operation reduced the total amount of porosity in Alumix 

123-T2, Figure 6.3. The effect of sizing pressure on reduction in thickness is shown in 

Figure 6.4. It should be pointed out that the sizing operation here was analogous to open 

die forging. Due to dimensional instability as a result of sintering, specimens were sized 

in a larger diameter die (30mm) than used for powder compaction meaning no force was 

exerted on specimens in the radial direction during sizing. This explains the large amount 

of plastic deformation in specimens at high sizing pressures, Figure 6.4. The sizing 

pressures in Figure 6.4 are reported with respect to the original compact diameter 

(15mm). 

The surface of Alumix 123-T1 and Alumix 123-T2(5%) in the óas-sinteredô and óas-

sizedô condition, which was the condition of these materials in subsequent 

electrochemical testing, are shown in  Figure 6.5. The surfaces were rough, highly non-

planar, and contained areas which appeared of darker contrast in the SEM, Figure 6.5. 

These darker areas were found to contain significant carbon, oxygen, and sometimes 

nitrogen by EDS analyses and are believed to be remnants from the ethylene 

bisstearamide (EBS) lubricant which may have redeposited on the surface of compacts 

during the de-lubrication stage of sintering. 

The surface of Alumix 123 compacts was found by EDS analyses to be enriched with 

carbon (ca. 6wt%), oxygen (ca. 8wt%), and magnesium (ca. 2wt%), as compared to EDS 

analyses of polished compacts. The carbon and oxygen concentration may have been due 

to the continuous flow of fresh 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 may have reacted with the compacts and incorporated 

into a refractory layer. 
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Figure 6.4 ï Sizing curve for industrially sintered Alumix 123 specimens. All specimens 

were initially compacted at 300MPa. 

 

The magnesium on the surface of compacts was probably in the oxidized state and its 

concentration could be related to its high vapour pressure or affinity for oxygen in 

aluminum P/M systems. The first liquid phase to form during sintering of Alumix 123 

corresponds to the fusion of the magnesium-containing master alloy particles to a 

magnesium-rich liquid phase [200] and the evaporation and transport of magnesium in the 

vapour phase may have led to its eventual oxidation and deposition near the surface of 

compacts. Magnesium also acts as a local oxygen getter and disrupts the aluminum oxide 

layer via formation of Al2MgO4 [1] and the flow of fresh nitrogen over the exterior of 

compacts continually introduces more oxygen to the area and may have led to the 

continued migration and oxidation of magnesium on the surface of compacts. 
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Figure 6.5 ï SEM micrograph of industrially sintered: (a) Alumix 123-T1; (b) 

Alumix123-T2(5%) with no polishing. 
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Optical and SEM micrographs of polished Alumix 123-T1 compacts, Figure 6.6 

and Figure 6.7, showed a polyhedral grain structure with secondary phases distributed 

predominantly along grain boundaries. Three types of intermetallics were identified in the 

microstructure of industrially sintered Alumix 123-T1, Figure 6.8. The composition of the 

intermetallics, Table 6.1, as well as their morphology and location in the microstructure 

suggest some of them may have formed as a result of solidification or decomposition of 

the persistent liquid phase present during sintering. 

The copper-rich intergranular phase contained less copper than would be expected 

for CuAl2 and additionally contained magnesium and silicon in amounts beyond what 

would be expected for CuAl2 in solid state equilibrium [11]. This phase may have formed 

from the persistent liquid phase present at the sintering temperature and may not be in 

equilibrium as a result of the rapid cooling experienced at the end of the sinter cycle. 

There was evidence of CuAl2 in the XRD pattern of Alumix 123-T1, Figure 6.9. Other 

investigators have also identified CuAl2 in Alumix 123-T1 by XRD [200,204]. The 

presence of Al-Cu-Mg-Si constituents along grain boundaries has also been noted in 

Alcoaôs 201AB alloy (analogous to Alumix 123) [3,51,75]. 

The iron-containing intergranular constituents were more rounded and compact 

than the copper-rich intergranular ones and contained predominantly aluminum, iron, 

silicon, and copper. Their morphology and composition somewhat matched the Ŭ-AlFeSi 

phase (Fe2SiAl8) which is typically present as a Chinese script [11]. Other ternary Al-Fe-

Si and Al-Cu-Fe phases are usually present as platelets or needles [11]. Aluminum, iron, 

silicon, and copper do not usually form compounds together [11] and it may be that this 

phase solidified far from equilibrium during the rapid cooling from the sintering 

temperature. Iron is known to segregate to the liquid phase during sintering [85,200,204].  
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Figure 6.6 ï Optical micrograph of industrially sintered Alumix 123-T1 (etched). The 

micrograph was taken in longitudinal plane near the edge of the sample. 

 

  

Figure 6.7 ï SEM micrograph of industrially sintered Alumix 123-T1. 
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Figure 6.8 ï SEM micrographs of constituents in industrially sintered Alumix 123-T1: (a) 

copper-rich intergranular; (b) iron-containing intergranular; (c) iron-

containing needles. 
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Table 6.1 ï Summary of EDS point analyses of major phases in industrially sintered 

Alumix 123-T1 (wt%). 

Phase 

EDS Point Analysis (wt%)a 

Al  Cu Mg Si Fe 
No. of 

points 

Matrix 94.3±0.5 4.9±0.4 0.2±0.1 0.6±0.1 ï 9 

Cu-rich 

intergranularb 
57.0±3.9 40.1±3.9 2.0±0.5 0.9±0.5 ï 23 

Fe-containing 

intergranularc 
49.4±2.2 13.5±0.6 1.3±0.7 6.7±0.3 29.1±2.3 14 

Fe-containing 

needlesd 
48.2±0.7 34.6±0.5 ï 0.7±0.2 16.5±0.2 3 

aValues are given as mean ± standard deviation 

bCuAl2 formula: Al: 45.9; Cu: 54.1 
cFe2SiAl8 formula: Al: 60.6; Fe: 31.6; Si: 7.8 
dCu2FeAl7 formula: Al: 46.9; Cu: 36.9; Fe: 16.2 

 

 

Figure 6.9 ï XRD pattern of industrially sintered Alumix 123-T1 (polished): (a) full scan; 

(b) close up of smaller peaks. 
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The iron-containing needle-like constituents had a morphology and composition 

closely matching that of the ɓ(FeCu) phase (Cu2FeAl7) [11]. This phase may have formed 

in areas which were isolated from magnesium and silicon during sintering or in areas of 

the compact that experienced slower cooling rates after sintering. These constituents were 

scarcely found and are not considered to be a major phase present in Alumix 123-T1. 

Other investigators have noticed needle-like iron-containing constituents in Alumix 123, 

however only after solution heat treatment [200,204]. 

The matrix was found by EDS point analyses to contain copper, magnesium, and 

silicon, Table 6.1, in amounts which could be related to their solubilities in solid 

aluminum at the isothermal sintering temperature. The amount of copper detected exceeds 

the bulk copper content of the alloy which may indicate there was electron interaction 

with surrounding copper-rich phases during EDS analyses. 
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ABSTRACT 

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

alloy óAlumix 123ô and a compositionally similar wrought alloy, AA2014-T6, has been 

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 X-ray spectroscopy (EDS). The P/M alloy was sintered in 

an industrial setting and was tested in either the óas-sinteredô condition (T1 temper) or 

after a standard sizing operation (T2 temper). The OCP of Alumix 123-T1 stabilized at 

more negative values, which is believed to be a reaction to a reduction in cathode area or 

depassivation induced by propagating crevice corrosion within residual porosity. In this 

state, the corrosion of Alumix 123-T1 was partially under anodic control and proceeded 

with the cathodic evolution of hydrogen. The OCP of Alumix 123-T2 and AA2014-T6 

stabilized at the pitting potential where corrosion was mostly under cathodic control and 

proceeded with the cathodic reduction of oxygen. In the P/M materials pitting was not 

associated with copper- or iron-rich intermetallics, this was attributed to the refractory 

layer formed as a result of the sintering process. 

 

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

corrosion; intermetallics; Alumix 123; AA2014 
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7.1 INTRODUCTION  

The ópress-and-sinterô powder metallurgy (P/M) process is a net- or near-net-shape 

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 compaction of a powder pre-mix in to a friable 

ógreen compactô of net- or near-net-shape, which is then sintered at elevated temperature 

to form a metallurgically coherent body and may be subject to additional secondary 

operations such as heat treatment, coining, or sizing. Sizing, in which a sintered body is 

repressed in a die to improve dimensional tolerances, is a common secondary operation in 

commercial P/M due to slight dimensional changes which are induced by the sintering 

process.  

In aluminum P/M alloys, the processing 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 been cooled 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 subsequently cold worked, 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 tools, and audio-visual 

equipment [1,2]; 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 consumer automobiles 
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[27,73], where over 50 million have been produced since production began in 1991 [205] 

ï in some instances resulting in 35% cost savings over traditionally produced caps [28]. 

In the 2000s, automotive P/M production declined due to financial and energy crises 

which saw North American automobile manufacturers lose market share to importers 

which do not utilize as many P/M parts [206]. Even in North America, P/M aluminum is 

produced in tonnages below that of P/M ferrous, cuprous, and nickelous alloys [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 dependent upon the 

improvements in material properties and process design generated by current research and 

development efforts [1]. Most efforts have focused on improving established material 

properties including tensile strength, wear resistance, and fatigue [1]. The 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 alloys there are 

unique corrosion mechanisms operating which are absent in wrought materials of the 

same composition [207-209]. 

In this work the corrosion behaviour of the commercial P/M aluminum alloy 

óAlumix 123ô has been studied by electrochemical methods in naturally aerated 3.5wt% 

NaCl electrolyte. With the exception of recent work from this laboratory [4], prior 

corrosion evaluations of P/M aluminum have been restricted to salt spray tests [5-7], 

which only assign a letter rating of óAô through óEô based on specimen appearance. The 

aim of the electrochemical investigations is to identify fundamental corrosion 

mechanisms, and to provide quantitative thermodynamic and kinetic information which 
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can be used to predict material performance and design systems of corrosion prevention 

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 pre-mix was obtained from ECKA Granules Germany GmbH (Fürth, 

Bavaria, Germany). The pre-mix contained 1.5wt% admixed óLicowax Cô solid lubricant 

and was certified to quality control standards for particle size distribution, apparent 

density, flowability, and chemical composition by the manufacturer. Compositional 

chemical analysis of Alumix 123 by ICP-OES performed by the Minerals Engineering 

Centre, Dalhousie University is shown in Table 7.1. Its cumulative size distribution was 

also measured by laser particle size analysis, performed by the Minerals Engineering 

Centre, Dalhousie University, and its D10, D50, and D90 determined to be 27.1, 95.4, and 

196µm, respectively. AA2014-T6 was obtained from Kaiser Aluminum (Jackson, 

Tennessee, U.S.A.) as a 3.25 inch diameter extruded rod certified to ASTM B211 

standard. Compositional chemical analysis of AA2014 by ICP-OES, performed by the 

Minerals Engineering Centre, Dalhousie University, is included in Table 7.1. 
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Table 7.1 ï Chemical analyses of Alumix 123 and AA2014 by ICP-OES (wt%). 

Material Al  Cu Mg Si Mn Fe Others 

Alumix 123a Balance 4.57 0.52 0.80 <0.01 0.11 ïb 

AA2014 Balance 4.73 0.49 0.56 1.15 0.36 ïc 

aAnalysis was performed on a sintered compact 
bZn: 0.05; Remaining: 0.16(total), <0.05(each) 
cCr: 0.07; Ti: 0.02; Zn: 0.20; Remaining: 0.12(total), <0.05(each) 

 

7.2.2 P/M Processing 

Green compacts were prepared by uniaxially compacting 2.5g of powder pre-mix 

at 300MPa in a 15mm diameter tungsten carbide floating die assembly using an Instron 

SATEC Series 5594-200HVL load frame (1MN capacity). The average green density was 

2.623±0.004gcmï3 (94.5±0.2% theoretical) determined in accordance with Metal Powder 

Industries Federation (MPIF) Standard 42. 

Green compacts were sintered at GKN Sinter Metals (Conover, North Carolina, 

U.S.A.) under a nitrogen atmosphere in a continuous wire mesh belt conveyor furnace 

employing standard operating procedures for industrial sintering of Alumix 123. Here, the 

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 face of the 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 was +2.41±0.40%, ï0.23±0.09%, and ï

1.55±0.08% respectively. The average sintered density was 2.561±0.008gcmï3 

(92.2±0.3% theoretical) determined in accordance with MPIF Standard 42. The 
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processing response here was typical for industrial product and consistent with other 

laboratory investigations [55,199,200,204]. 

Sintered compacts 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 resulted from the sintering process. Prior to sizing, sintered compacts were 

carefully deburred by hand 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 corresponded to a 5% reduction in height. 

During sizing, the compacts 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 

Alumix 123 was tested in the óas-sinteredô or óas-sizedô states which are herein 

denoted by the T1 and T2 temper, respectively. Prior to testing Alumix 123-T1 compacts 

had to be carefully deburred by hand against SiC paper so that a satisfactory seal and 

electrical contact could be maintained in the electrode assembly. 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 Alumix 123-T2, 

this face also corresponded to that which 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 which 16mm diameter specimens were 

extracted using a hole-saw drilled in the longitudinal direction. Hence, during testing, the 
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transverse plane was in contact with the electrolyte. AA2014-T6 specimens were polished 

using standard metallographic techniques immediately prior to testing. They were 

abraded on successively finer grits of wet SiC paper, polished using successively finer 

oil-based diamond suspensions (to 1ɛm), degreased ultrasonically in acetone, thoroughly 

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

 

7.2.4 Electrochemical Testing 

All electrochemical tests were conducted at ambient temperature in naturally 

aerated 3.5wt% NaCl electrolyte which was prepared immediately prior to testing using 

analytical-grade NaCl (>99.0% assay) and ultrapure óType 1ô deionized water 

(>18MɋĀcm). The electrochemical instrumentation consisted of a 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 via Scribner Associates CorrWare® 

software. The potentiostat was calibrated by the use of a laboratory-made ódummy cell.ô 

The glass bulb cell contained a working electrode assembly that exposed a nominal area 

of 1cm2 of the test specimen, two high purity fully dense 6.35mm diameter graphite 

counter electrodes, and a saturated calomel reference electrode (SCE) brought in close 

proximity to the working electrode via a Luggin capillary. The reference electrode was 

from Fisher Scientific ï the rest of the electrochemical cell was comprised of the PAR 

Model K0047 óCorrosion Cell Systemô and Model K0105 óFlat Specimen Holder.ô 

The open circuit potential (OCP) of the working electrode was monitored versus 

time for a period of 2 hours for Alumix 123-(T1, T2) and 1 hour for AA2014-T6. The 

P/M samples were monitored for a longer period of time because they were highly non-
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planar and took longer to equilibrate with the electrolyte. The potential at the conclusion 

of the test was taken to be the OCP of the specimen. Prior to all potentiodynamic testing, 

the OCP was monitored and allowed to stabilize for the times indicated above. 

During cathodic potentiodynamic polarization the potential of the working 

electrode was varied continuously at a rate of 0.1667mVsï1 from the OCP to ï2.0VSCE. 

During cyclic potentiodynamic polarization the potential of the working electrode was 

varied continuously at a rate of 0.1667mVsï1 from ï1.25VSCE for Alumix 123-T1 or ï

0.875VSCE for Alumix 123-T2 and AA2014-T6 until an anodic current density of 

0.01Acmï2 was reached, upon which the direction of the scan was reversed until a 

potential of ï1.0VSCE.  

The polarization diagrams were analysed using Scribner Associates CorrViewTM 

software. The corrosion current (icorr) and corrosion potential (Ecorr) were found by Tafel 

extrapolation, the passive current (ipass) was taken as the current density immediately prior 

to  breakdown at the pitting potential (Epit), and the repassivation potential (Erepass) was 

taken as the potential where the anodic current density reached a value of 1ɛA on the 

reverse scan. The corrosion rate was calculated from icorr in accordance with ASTM 

G102. The equivalent weight of both alloys was calculated to be 9.29 gram equivalents. 

The sintered density of Alumix 123-T1 was used for P/M calculations. The density of 

AA2014-T6 was taken as 2.80gcmï3 as per the Aluminum Association. 

 

7.2.5 Materials Characterization 

Micrographs were captured using a Hitachi Model S-4700 cold field emission 

scanning electron microscope (SEM) containing an integrated Oxford INCA X-MaxN 

80mm silicon drift detector for energy dispersive X-ray spectroscopy (EDS). The SEM 



 

106 

 

was operated with a 10kV accelerating voltage and 20ɛA emission current for imaging 

whereas a 20kV accelerating voltage and 10ɛA emission current was implemented for 

EDS analyses. Immediately after corrosion testing, specimens were thoroughly rinsed 

with deionized water and dried with a blow dryer. Prior to analysis in the SEM, Alumix 

123-T2 specimens were treated in a Soxhlet apparatus for 8 hours with petroleum ether to 

remove all traces of sizing fluid. To analyse cross sections, some specimens were 

mounted by vacuum impregnation with a self-curing epoxy resin, sectioned, polished, and 

carbon coated using a high vacuum evaporator platform. 

X-ray diffraction (XRD) patterns were recorded in the range 10-110° (2ɗ) in a 

Bruker D8 ADVANCE diffractometer operated with CuKŬ1 radiation (ɚ=1.54Å), 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 AA2014-T6 

The structure of Alumix 123-T1 was characterized by a large amount of irregular-

shaped interconnecting porosity and polyhedral aluminum grains (grain size ca. 50-

100µm) with intermetallics situated along grain boundaries. The distribution of porosity 

in the longitudinal plane was profoundly non-uniform. 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 contained more porosity than indicated by bulk density 

measurements.  

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

Al: 94.3±0.5; Cu: 4.9±0.4; Si: 0.6±0.1; and Mg: 0.2±0.1 wt%. Two predominant 
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intermetallics were identified by SEM and EDS: a copper-rich intergranular phase 

containing: Al: 57.0±3.9; Cu: 40.1±3.9; Mg: 2.0±0.5; and Si: 0.9±0.5 wt%, and an iron-

rich intergranular phase containing: Al: 49.4±2.2; Fe: 29.1±2.3; Cu: 13.5±0.6; Si: 

6.7±0.3; and Mg: 1.3±0.7 wt%. Both of these intermetallics were probably the result of 

the solidification of a liquid phase under conditions far from equilibrium. Iron, which is 

present as an impurity, may have segregated to the liquid phase during sintering. There 

were no obvious peaks in the XRD trace of Alumix 123-T1 corresponding to any iron-

rich intermetallics. The copper-rich intergranular phase may be a metastable variant of ɗ-

CuAl2 ï the XRD trace of Alumix 123-T1 showed 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 non-planarity existed in Alumix 123-T1, Figure 7.1, 

probably due to the sintering process and original surface characteristics of the air-

atomized aluminum present in the pre-mix. Across the surface of Alumix 123-T1 were 

areas which were in stark contrast to the aluminum grains, Figure 7.1, and by EDS 

analyses were found to largely consist of carbon, oxygen, and sometimes nitrogen. These 

are believed to be remnants from the ethylene bisstearamide (EBS) lubricant present in 

the pre-mix which may have been redeposited on the surface of compacts during the de-

lubrication stage of sintering. 
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Figure 7.1 ï SEM micrographs of Alumix 123-T1: a) general microstructure; b) close up 

of an aluminum grain; c) close up of a carbon-rich area which is believed to 

be a remnant from the EBS lubricant. 
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Compared to the interior, the surface of Alumix 123-T1 was enriched with carbon 

(ca. 6wt%), oxygen (ca. 8wt%), and magnesium (ca. 2wt%), as found by EDS analyses. 

EDS cannot resolve the source of these elements, whether they are contained in an oxide, 

hydroxide, hydrate, carbonate, etc. or mixture thereof, so their origin can only be 

speculated. Such a refractory surface layer may have gradually grown during sintering 

due to the continuous flow of fresh nitrogen which contained a 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 Al2MgO4 formation) and acting as a local oxygen getter [1]. 

Near the surface of the compacts these conditions may not be possible because the local 

atmosphere and oxygen partial pressure are continually 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 sintering [200] 

and its liberation and transport in the vapour phase may have eventually led to its 

oxidation and deposition near the surface of the compacts. 

The structure of Alumix 123-T2, Figure 7.2, was essentially the same as Alumix 

123-T1, except the sizing operation, as expected, closed off a significant amount of 

porosity and  deformed the surface layer so that it was more planar. Retained porosity on 

the surface was probably filled and sealed with sizing fluid as force was applied during 

sizing. In some areas, the surface layer appeared to have cracked as the underlying metal 

deformed in the transverse direction, Figure 7.2. 
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Figure 7.2 ï SEM micrographs of Alumix 123-T2: 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 with a round, globular morphology was believed to be ɗ-

CuAl2 ï its morphological and compositional characteristics were a close match to those 

of ɗ-CuAl2, given by [11], and there were found to be peaks which corresponded to ɗ-

CuAl2 in the XRD trace of AA2014-T6. By EDS analyses, the composition of the round, 

globular phase was found to be: Cu: 51.0±2.1; Al: 48.7±2.2; and Si: 0.3±0.1 wt%; again 

consistent with the ɗ phase. The intermetallic with a Chinese script morphology was 

believed to be Ŭ-AlFeMnSi ((CuFeMn)3Si2Al 15) ï its morphology and composition were 

consistent with the descriptions of Ŭ-AlFeMnSi given by [11,203], and there were found 

to be peaks which corresponded to Ŭ-AlFeMnSi in the XRD trace of AA2014-T6. By 

EDS analyses, the composition of the Chinese script phase was found to be: Al: 61.2±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±0.1 wt%. In addition to 

those phases previously discussed, it is conceivable that Q-phase (Cu2Mg8Si6Al 5) 

precipitates and Cu2Mn3Al 20 or (CuMn)Al6 dispersoids may have been present in the 

alloy [11,202]. However, neither phase was positively detected with the methods 

employed. In some SEM micrographs there appeared to be a distribution of micron and 

sub-micron areas of lighter contrast which could be some other type of precipitate, 

however these may also be fine ɗ' or ɗ-CuAl2 precipitates which are expected to be 

present along grain boundaries. 
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Figure 7.3 ï SEM micrograph of AA2014-T6. The phase with the round, globular 

morphology is believed to be ɗ-CuAl2 and the phase with the Chinese script 

morphology is believed to be Ŭ-AlFeMnSi. 

 

 

7.3.2 Electrochemistry 

Typical plots during the attainment of the OCP of Alumix 123-(T1, T2) and 

AA2014-T6 are presented in Figure 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 electrode potential for Alumix 123-T2 and AA2014-T6 were 

observed throughout the duration of the test, which means that dynamic equilibrium was 

quickly established and maintained by these electrodes. The slight ennoblement of the 
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electrode potential of Alumix 123-T2 could be a result of the strain induced in the 

microstructure by the sizing operation and the small, consistent fluctuations in the OCP 

are probably related to surface roughness. Initially, the electrode potential of Alumix 123-

T1 was similar to Alumix 123-T2 and AA2014-T6, however after a short incubation 

period the OCP began to shift to more negative values with the deviation eventually 

becoming quite substantial. The most obvious difference between these materials was the 

presence of a large amount of deep, interconnected porosity in Alumix 123-T1. It is 

hypothesized that the transience in the OCP of Alumix 123-T1 was related to the 

initiation and propagation of crevice corrosion in these areas. 

Crevice corrosion, which has been studied extensively [210-214], initiates by a 

differential aeration mechanism which differentiates the electrode into macro-cells where 

creviced areas behave as anodes. In the case of Alumix 123-T1, the shift in electrode 

potential to more negative values may be a reaction to the reduced 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 initial negative shift, Figure 7.4, 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 diffusivity of corrosion products and reactants to and from creviced areas.  
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Figure 7.4 ï Attainment of the open circuit potential (OCP) of Alumix 123-(T1, T2) and 

AA2014-T6 as a function of time: (a) full transient; (b) close up of initial 

transient. 
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To verify if the electrode potential of Alumix 123-T1 was controlled by the onset 

of hydrogen evolution the cathodic polarization diagrams in Figure 7.5 were constructed. 

All current densities presented were based off a nominal geometric area exposed to the 

electrolyte which for the P/M materials, especially Alumix 123-T1, was a gross 

underestimation. The cathodic process in the corrosion of Alumix 123-T1 at open circuit 

appears to be under more activation-control and this, in conjunction with its highly-

negative OCP, suggests the corrosion of Alumix 123-T1 proceeded with a cathodic 

process involving hydrogen evolution [102-108]. Eventually, at sufficiently negative 

potentials, the current passed 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 metal [110,125,127]. It is difficult to 

compare this feature in Figure 7.5 as the true current densities are not available. 

The cathodic polarization of Alumix 123-T2 and AA2014-T6 appears to be under 

more diffusion-control near open circuit which is characteristic for a cathodic process 

involving the reduction of oxygen [102-108]. The limiting diffusion current for Alumix 

123-T2 is about an order of magnitude larger than that of AA2014-T6, which is thought 

to be primarily due to the increased surface roughness and electrochemically active area 

of Alumix 123-T2, although the P/M materials were believed to have a unique refractory 

layer which may behave differently than the usual oxide layer present on aluminum. 
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Figure 7.5 ï Cathodic polarization diagrams of Alumix 123-(T1, T2) and AA2014-T6 

using a scan rate of 0.1667mVsï1. 

 

It would appear that, based on the diffusion-limited nature of the cathodic process, 

the corrosion of Alumix 123-T2 and AA2014-T6 at open circuit should be under more 

cathodic control than Alumix 123-T1, and this was observed to be the case with the cyclic 

polarization diagrams presented in Figure 7.6. It seems that at open circuit conditions, 

Alumix 123-T2 and AA2014-T6 are polarized to their pitting 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 Alumix 123-T1 at open circuit 

appears to be at least partially under anodic control. 

There were two distinct regions in the anodic polarization of Alumix 123-T1: one 

where the current passed was essentially independent of the applied potential and one 
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where considerable active dissolution took place that was largely dependent on the 

applied potential. The behaviour in the first region was characteristic of passivity while 

the behaviour in the second region was characteristic of breakdown or pitting. The 

situation here, however, was not so explicit because in the crevice corrosion model most 

of the anodic current was 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 potential, ï

1.90VSCE [108], regardless of its relation to the pitting potential which represents the 

stability of the oxide layer. 

 

 

Figure 7.6 ï Polarization diagrams of Alumix 123-(T1, T2) and AA2014-T6 using a scan 

rate of 0.1667mVsï1. The reverse scans have been excluded from the figure 

for clarity. 
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A summary of the electrochemical data gathered on Alumix 123-(T1, T2) and 

AA2014-T6 is presented in Table 7.2. The authors would again like to remind the reader 

that electrochemical measurements were based off a nominal geometric area exposed to 

the electrolyte which for the P/M materials was an underestimation due to the presence of 

surface connected porosity. Despite the appearance of passivity upon polarization, the 

corrosion rate of Alumix 123-T1 was over four times greater than AA2014-T6. Of equal 

significance, was the effect of the sizing operation on the P/M material which reduced the 

corrosion rate by one half. While substantial, the corrosion rate of the sized P/M alloy still 

remained twice that of the wrought material. The data in Table 7.2 are in agreement with 

the literature on AA2014-T6 [215-221]. 

The pitting and repassivation characteristics summarized in Table 7.2 indicate that 

at open circuit conditions pitting is expected to initiate and propagate freely in Alumix 

123-T2 and AA2014-T6, while any pitting in Alumix 123-T1 should spontaneously 

repassivate. For Alumix 123-T1, this was shown by the complete cyclic polarization 

diagram, Figure 7.7, where repassivation occurred at potentials noble to the corrosion 

potential. There was a 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 cyclic polarization resulting from its 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 polarization [135]. 
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Table 7.2 ï Summary of electrochemical data of Alumix 123-(T1, T2) and AA2014-T6. 

Values are given as mean ± standard deviation (no. of experiments). 

 
Alumix 123-T1 Alumix 123-T2 AA2014-T6 

Open Circuit Potential 

   EOCP (mVSCE) 

ī1017±20 (37) ī711±4 (33) ī717±5 (56) 

Cathodic Tafel slope 

   ɓc (mVdecadeï1) 

ī144±15 (11) ī386±101 (13) ī509±163 (27) 

Corrosion Potential 

   Ecorr (mVSCE) 

ī1039±17 (11) ī688±5 (13) ī701±8 (27) 

Corrosion Current 

   icorr (ɛAcm
ï2) 

7.40±1.85 (11) 3.46±0.77 (13) 1.82±0.49 (27) 

Corrosion Rate 

   CR (10ï2 mmyrï1) 

8.77±2.19 (11) 4.09±0.92 (13) 1.97±0.54 (27) 

Pitting Potential 

   Epit (mVSCE) 

ī692±5 (11) ī ī 

Passive Current 

   ipass (ɛAcm
ï2) 

13.01±5.89 (11) ī ī 

Repassivation Potential 

   Erepass (mVSCE) 

ī818±7 (11) ī859±6 (13) ī909±7 (27) 

 

 

Also of particular interest in Table 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 electrodes there 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 123-T1 could be related to chemical phenomena, like 

alkalization, occurring during cathodic polarization and may be further evidence that the 

OCP was affected by the composition of creviced electrolyte. 
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Figure 7.7 ï Cyclic polarization diagram of Alumix 123-T1 using a scan rate of 

0.1667mVsï1. 

 

 

7.3.3 Microstructure after Open Circuit Corrosion 

The electrode face of Alumix 123-T1 after 2 hours exposure at open circuit 

conditions is shown in Figure 7.8. In some areas, particularly around pores, there 

appeared to be a fine, speckled distribution of corrosion product, Figure 7.8, which upon 

viewing under high magnification was revealed to be fine nano-scale nodules. The main 

constituent of such nodules is usually Bayerite (Ŭ-Al(OH)3) [113], but this should not be 

assumed for Alumix 123-T1 because of the enrichment of the surface with magnesium. If 

these nodules were directly involved in the corrosion process, their location around some 

pores could be indicative of a macro-cell in the area since the half-cell reactions would be 

expected to occur in close proximity to one another. 
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Figure 7.8 ï SEM micrograph of Alumix 123-T1 after 2 hours at OCP.  

  

 

Pitting was observed in Alumix 123-T1, Figure 7.9, but the pits did not seem to be 

associated with any copper- or iron-rich intermetallics. This probably means the 

refractory layer formed during sintering retained integrity over these intermetallics, unlike 

in traditional aluminum alloys. It remains unclear if the film breakdown was more 

stochastic in nature or was partial to local heterogeneities in the refractory layer, such as 

magnesium aggregation or lubricant residues. Electrochemical measurements indicated 

that any pitting in Alumix 123-T1 should spontaneously repassivate at open circuit 

conditions. Therefore, any pitting observed must be either ócathodic pittingô caused by 

local alkalinity generated at cathodic sites 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 location of the pits probably signified weak or thin points in the 

refractory layer where electrons or chloride ions preferentially migrated. 

In the cross section of Alumix 123-T1, Figure 7.10, there appeared to 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 

occluded electrolyte remained in some areas after washing and drying of the specimen. 

Regardless, it is apparent the electrolyte was able to penetrate the compacts through 

porosity. 

In the corrosion morphology of Alumix 123-T2, Figure 7.11, 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 blisters, Figure 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 interface [142]. In the present case, there may 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 instability of the refractory layer 

is expected. 
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Figure 7.9 ï SEM micrographs of pitting in Alumix 123-T1 after 2 hours at OCP: a) 

cluster of pits which are not associated with copper-rich phases in the area; b) 

high magnification micrograph showing interior structure of some pits 

(indicated by arrows). 
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Figure 7.10 ï SEM micrograph of the cross sectional microstructure of Alumix 123-T1 

after 2 hours at OCP. The corrosion product indicated by the arrows was 

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

 

 

Figure 7.11 ï SEM micrograph of Alumix 123-T2 after 2 hours at OCP. 


























































































































































