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Abstract

The behaviour of Al–Zn–Mg base alloys produced by powder metallurgy and casting has

been studied using potentiodynamic polarisation in 0.3% and 3% NaCl solutions. The influ-

ence of alloy production route on microstructure has been examined by scanning electron

microscopy, Auger electron spectroscopy and secondary ion mass spectrometry. An im-

provement in performance of powder metallurgy (PM) materials, compared with the cast

alloy, was evident in solutions of low chloride concentration; less striking differences were

revealed in high chloride concentration. Both powder metallurgy and cast alloys show two

main types of precipitates, which were identified as Zn–Mg and Zr–Sc base intermetallic

phases. The microstructure of the PM alloys is refined compared with the cast material, which

assists understanding of the corrosion performance. The corrosion process commences with

dissolution of the Zn–Mg base phases, with the relatively coarse phases present in the cast

alloy showing ready development of corrosion.
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1. Introduction

Al–Mg–Zn base alloys, with their combination of good strength, corrosion re-

sistance and weldability, show promise for further improvement by additional al-

loying with transition metals [1,2]. However, traditional metallurgical approaches

are restricted through the limited solubilities of many of the principal alloying ele-
ments, including Zr, Sc, Ti, Ni, etc, in the aluminium matrix. This limitation may be

overcome with the use of rapid solidification (RS) technologies, which provide much

higher solubilities, refined microstructures, reduced segregation and eliminate

coarsely precipitated intermetallic compounds [3,4]. For example, Al–Mg–Zn base

alloys with high levels of tensile strength have been produced recently by water

atomisation followed by powder compacting [5,6].

Whereas mechanical properties may be improved through increase of alloying

element concentrations followed by precipitation, such procedures frequently in-
crease susceptibility of the alloy to localised corrosion. This is usually due to an

increased volume fraction of second phase precipitates [7,8]. Rapid solidification

extends solubility but, however, does not eliminate completely precipitation. In

this paper, the corrosion behaviour of an Al–Mg–Zn base alloy, produced

by powder metallurgy (PM) and by casting, is examined using electrochemical

measurements and microstructural studies of the alloys before and after corrosion

testing.
2. Experimental

The composition of the Al–Zn–Mg alloy is given in Table 1. The production of

the cast alloy involved the following: the melt, prepared in an induction furnace,

issued through a hole at the base of the crucible to water-cooled, copper moulds of

25 mm diameter and 100 mm height. The cooling rate of the melt was �45 K/s.

The PM alloy production was based on water atomisation technology [5] and

comprised the following steps: (1) preparation of the charge for melting using master
alloys, (2) melting in an induction furnace, (3) atomising of the melt by jets of high-

pressure cooled water with cooling rates of about 106 K/s, (4) filtration of the sus-

pension of the atomised metal in water under vacuum, (5) drying of a thin layer of

the wet powder with continuous intermixing, (6) cold-pressing of the dried powders

into compacts of 30% porosity, (7) degassing of the green compacts under vacuum at

elevated temperature, (8) consolidation of the pre-forms by vacuum hot pulse

pressing with impulse loading of 1 GPa, and, on completion, (9) hot extrusion with

an extrusion ratio of 17.
Table 1

Chemical composition of the selected alloy (wt.%)

Zn Mg Zr Mn Sc Al

5 3 0.7 0.5 0.3 Balance
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Heating and deformation of the powder during the consolidation stages influences

the original RS microstructure. In order to separate contributions of RS and com-

pacting conditions, both cold-pressed (stage 6) and hot-extruded (stage 9) samples

were used for corrosion studies. Cast, cold-pressed and extruded samples were

polished with diamond (3.2 lm) paste under similar conditions, followed by ultra-

sonic cleaning in acetone.
Electrochemical measurements were conducted with an EG&G Princeton Applied

Research Versastat II instrument controlled by the PAR Model 352 software. A

three-electrode cell with a platinum counter electrode and a silver/silver chloride

(SSC) reference electrode were used. All tests were performed in aqueous solutions

0.3% (0.051 M) and 3 wt.% (0.51 M) NaCl. The solutions were not deaerated. The

reference electrode was separated from the cell by a Vycor frit. Before measurements,

specimens were held in the test solution for 1 h to establish a steady open circuit

corrosion potential, Ecorr. Potentialodynamic polarisation scans were performed at a
relatively slow scan rate of 0.5 mV/s, commencing from a potential 0.1 V below Ecorr.

All experiments were conducted at room temperature without temperature control;

the solution volume was 250 ml and a Teflon knife-edge O-ring was used to expose a

specimen area of 1 cm2.

Cast, cold-pressed and extruded samples in initial state and after corrosion tests

(full polarisation run) in NaCl were used to study corrosion-induced changes of alloy

microstructure. In addition, as-atomised powder was put into water at pH¼ 6 for a

month to compare material behaviour in water and salt solutions.
The surfaces of individual powder particles were studied by Auger electron

spectroscopy (AES) and secondary ion mass-spectrometry (SIMS). A JAMP-I0S

scanning Auger microprobe with a primary electron beam (energy 10 keV and

current 10 nA) of 1 lm diameter was used to study powder surface chemistry. Auger

spectra were recorded in the derivative mode. In order to characterise the surface

concentration of element i, the relative Auger peak height ratios, ri ¼ Ii=IAl, were

monitored. Here, IAl represents the peak-to-peak height of Al (KLL 1396 eV) and Ii
is the peak-to-peak height of element i. Depth profiles were obtained using argon at
8 mPa pressure to sputter sequentially atomic layers with an accelerating voltage of

3 kV. The sputtering rate was estimated from sputtering a SiO2 film of known

thickness.

Dynamic SIMS measurements were performed using a CAMECA ims 5f instru-

ment incorporating a double focusing sector field mass spectrometer. Positive sec-

ondary ions were used for in-depth analysis of the distributions of metallic species.

An Oþ
2 primary beam, at an accelerating voltage of 12.55 kV and primary ion current

of 3–13 nm, was scanned over an area of 35 · 35 lm. The sputter rate was calibrated
from sputtering an aluminium foil of known thickness. Possible differences in

sputtering rates between individual measurements, caused by the fluctuations of the

primary ion current, were corrected by adjustment of the current values to the

maximum current used as a reference value. A mass resolution, m=Dm, of 300 was

used for all measurements. Intensities of peaks were normalised to the intensity of

the most intense 27Al peak to compensate for various geometric factors that influence

the peak intensities.
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A JSXA Superprobe-733 electron microprobe, operating at 25 kV, with a beam

current of 20 nA, was used to examine surface structure and distributions of the

main alloying elements (Mg, Zn, Zr, Sc and Mn) across a selected powder particle

and between individual particles on the micron scale. Secondary (SE) and back-

scattered electron (BE) images were used for microstructural studies. Point by point

electron probe microanalyses (EPMAs) were performed and elemental profiles and
maps were recorded using the relevant Ka and La lines and by wavelength dispersive

detection.
3. Results

3.1. Corrosion behaviour

The results of corrosion measurements in 0.3% and 3% NaCl solutions are

summarised in Fig. 1a and b respectively. At a low NaCl concentration, corrosion

potentials for all three samples were similar, in the range )700 to 715 mV (SSC). A
passive region, extending over a potential range of 1600 mV, with a corrosion cur-

rent density of about 10�6 A/cm2, was evident for the cold-pressed material. The

pitting potential was not achieved over the selected potential range employed. The

corrosion behaviour of the extruded material is generally similar to that of the cold-
Fig. 1. Polarisation curves for cold-pressed (1), extruded (2) and cast (3) alloys in solutions of different

concentration of sodium chloride. A sweep rate of 0.5 mV/s, commencing from 0.1 V below the corrosion

potential was employed: (a) 0.3 wt.% NaCl; (b) 3.0 wt.% NaCl.
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pressed powder (Fig. 1a), revealing a wide passive range, but the current density

(3 · 10�5 A/cm2) is greater than that for the cold-pressed material. Unlike the PM

samples, the cast material undergoes localised corrosion from the commencement of

anodic polarisation.

An increase of the chloride concentration changes the electrochemical behaviour

of the alloy materials, with a decrease of the corrosion potential of 110–140 mV
revealed for all alloy samples. Further, pitting potentials are now evident for the

cold-pressed and extruded samples, with little significant region of passivity observed

(Fig. 1b). Whilst all samples revealed broadly similar behaviour in the 3% chloride

solution, significant differences in corrosion potential and cathodic kinetics were

displayed.
3.2. Microstructure of original samples

The morphologies of individual powder particles, as well as particle grain size, are

illustrated in Fig. 2. The particles are of irregular shape (Fig. 2a), with grain sizes of

about 1–3 lm (Fig. 2b). The surfaces of the powders are covered by oxides of non-
uniform thickness. As revealed previously [9], high oxide islands, separated by rela-

tively thinner oxide film regions, usually cover about 30–60% of the surface. The

extent of coverage is a function of the atomisation parameters and granulometric

composition.

The oxide film on the surface of magnesium-containing powders consists of a

mixture of aluminium and magnesium oxides [9]. In-depth distributions of Mg and

Zn, determined by AES, are shown in Fig. 3a. The magnesium profile correlates with

the oxygen distribution, whereas zinc displays surface depletion. Based on the AES
data (Fig. 3a), the width of the region of elemental inhomogeneity is about 50–100

nm.

SIMS measurements qualitatively correlate with AES data (Fig. 3b). The mag-

nesium enrichment and zinc depletion are displayed within a layer of 150–300 nm

thickness i.e. approximately three times wider than that determined by AES. This

discrepancy arises from the difference in concentration sensitivity between SIMS and
Fig. 2. Scanning electron micrograph of water atomised powder particles: (a) irregularly-shaped particles;

(b) increased magnification micrograph, revealing the grain size.



Fig. 3. (a) Variation of Auger peak height ratios with sputter time and (b) typical SIMS secondary ion

depth profiles for 24Mgþ, 45Scþ and 64Znþ ions normalised to 27Alþ.
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AES as discussed by Krajnikov et al. [10]. Briefly, if a peak intensity changes

markedly with ion sputtering, SIMS provides more realistic depth profiles over a

wide concentration range compared with AES. The sensitivity of SIMS also allowed
recording of the scandium profile in the powder subsurface layers (Fig. 3b), which

displays a flat profile with a very narrow region of enrichment just beneath the

surface.

Grain and subgrain structures of the powder are revealed in polished cross sec-

tions of the cold-pressed sample (Fig. 4a). Individual grains form a well-defined

dendritic structure. The microstructure parameters, such as interdendrite spacing,
Fig. 4. Scanning electron micrographs of polished metallographic sections of the selected alloys: (a) cold-

pressed alloy, backscattered electron image; (b) extruded alloy, backscattered electron image; (c) cast alloy,

secondary electron image.



Fig. 5. Backscattered electron micrographs of the RS alloys: (a) cold-pressed alloy, with elemental dis-

tributions revealed; (b) extruded alloy, with elemental distributions shown.
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and precipitate size and density, depend on the cooling rate. For example, individual

particles differ in precipitate density, as displayed in Fig. 4a. Coarse particles usually
experience relatively slow cooling rates and thus show high precipitate densities. Two

principal types of precipitates are evident in the alloy (Fig. 5a), which are revealed as

bright spots or as a net of bright layers because their high average atomic numbers

relative to the matrix.

From Fig. 5a, the precipitate containing zinc and magnesium forms a network of

layers located along the interdendrite boundaries. The interdendrite zinc and mag-

nesium concentrations, from EDS analysis, can reach 19–20 and 24–25 wt.% re-

spectively, corresponding to three- and eight-fold enrichments from the bulk
concentration. The width of the enrichment zone correlates with structure refine-

ment, being undetected in areas of the particle that are cooled at high rates and

extending to about 100 nm in areas solidified at reduced rates. Evidently, if pre-

cipitated layers are relatively wide, then the precipitated Mg–Zn phase occupies a

high volume that causes zinc and magnesium depletion from the bulk. The back-

scattered electron images reveal a relatively dark matrix within areas of intense

precipitation of the Zn–Mg base phases compared with other areas. Other particles,

which are of spherical shape and are located mainly within grains, are enriched with
zirconium and scandium.

The structure of the extruded material shows a pore-free matrix with many fine

precipitates which are usually smaller (0.5 lm) than those in the cold-pressed ma-

terial (Fig. 4b). Similar to the cold-pressed material, Zn–Mg base and Zr–Sc base

particles are revealed in BE images and X-Ray profiles (Fig. 5b).

The cast material is shown in Figs. 4c and 6 respectively, with the microstructural

parameters of the cast material being coarser than those of PM alloys. Particles,

located either at grain boundaries or within the bulk, are clearly evident at the
surface of polished sections (Fig. 4c). Intragranular particles exhibit pronounced

crystallographic faceting. From the characteristic maps, the second phases located in

the bulk are enriched with scandium (Fig. 6b) and zirconium (Fig. 6c), while phases

located at grain boundaries are enriched with zinc (Fig. 6d) and magnesium (Fig. 6e).

The microstructural characteristics of all samples are summarised in Table 2.

The matrices of the samples differ; in particular, the cold-pressed sample shows a



Fig. 6. Secondary electron micrographs of the cast alloy (a––·1000) and associated X-ray elemental

mapping at ·1000: (b) ScKa map; (c) ZrLa map; (d) ZnKa map; (e) MgKa
map.

Table 2

Typical alloy microstructural parameters

Sample number Sample Maximum dendrite

spacing (grain size) (lm)

Maximum Sc–Zr

precipitate size (lm)

1 Cold-pressed alloy 2–2.5 <1

2 Extruded alloy 1–1.5 0.5

3 Cast alloy 15–20 6–8
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dendritic structure that is typical for RS processing. Powder compacting followed

by hot extrusion destroys dendrites and forms a typical deformation structure with

a grain size of 1–1.5 lm. The cast material exhibits recrystallised grains in the
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15–20 lm size range. Zn–Mg and Zr–Sc base precipitate types are evident in all

materials. The cast alloy has the coarsest precipitate dispersion, with the extruded

alloy showing the finest precipitates.
3.3. Microstructure of samples after corrosion measurements

The microstructure of the cold-pressed material after testing in 3% solution is

illustrated in Fig. 7. Corrosion damage is clearly seen in local regions of the polished

surface, with the remaining surface evidently unchanged (Fig. 7a). Increased mag-
nification imaging reveals that corrosion proceeds preferentially at some powder

particles, with other particles subject to limited corrosion (Fig. 7b). The particles that

had suffered corrosion were associated with a high volume fraction of second phase

precipitations (Fig. 7b). Importantly, the pores in the cold-pressed material do not

change as a result of corrosion.

Further scrutiny of the micrographs allows insight into the corrosion mechanism;

thus, a transition layer between the damaged and intact areas of an individual

powder particle, subjected to corrosion in 3.0% NaCl solution, is shown in Fig. 7c.
The dissolution initiates at the zinc- and magnesium-rich dendrites and then con-

tinues with dissolution of the matrix.

The extruded and cast materials behave similarly to the cold-pressed sample

manner, Fig. 8a and b illustrate microstructures of the polished samples of extruded

and cast alloys respectively after corrosion tests in 3% NaCl solution. A high pop-

ulation density of relatively fine regions of localised corrosion is revealed in the

extruded sample. Point by point analysis shows that phases enriched in zinc and

magnesium undergo preferential dissolution (Fig. 8a). Scanning electron microscopy
reveals that dissolution of the cast material commences at the triple point junctions

where the coarsest Zn–Mg phases are located (Fig. 8b). Thus, the Zn–Mg base

phases act as a source of local corrosion in both PM and cast samples. No Mg and

Zn enrichment of the matrix in a vicinity of the dissolved Zn and Mg phases was

detected.
Fig. 7. Scanning electron micrographs of polished metallographic sections of the cold-pressed alloy after

full polarisation run in 3% NaCl: (a) secondary electron micrograph showing localised corrosion; (b)

backscattered electron image, showing dissolution of individual particles; (c) backscattered electron image

revealing the transition layer between the corroded and the non-corroded areas on the surface of an in-

dividual particle.



Fig. 8. Scanning electron micrographs of polished metallographic sections of the alloy after full polari-

sation run in 3% NaCl solution: (a) backscattered electron image of the extruded alloy; (b) backscattered

electron image of the cast alloy.
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4. Discussion

Significant differences in electrochemical behaviour are observed for polarisation

in solutions of low and high chloride concentration. At low chloride concentration,
pitting corrosion is observed only in the cast material. At high chloride concentra-

tion, both cast and PM materials experience localised corrosion. From microstruc-

tural observations, localised corrosion commences with dissolution of the Zn–Mg

phases. This contrasts with the corrosion behaviour of the selected materials in

water, where corrosion starts with matrix dissolution (Fig. 9). A transition layer of

5–8 lm width is clearly seen between the corroded (dark area from the right side of

Fig. 9) and intact (light area from the left side) zones of the polished powder surface.

As was found by EPMA, the transition layer is characterised by lower aluminium
and higher oxygen concentrations compared with the intact matrix and contains

undissolved secondary phases, indicating preferential matrix dissolution in water.

The corrosion behaviour of two PM samples appears generally similar. Both cold-

pressed and extruded samples show regions of extensive passivation at low chloride
Fig. 9. Backscattered electron image revealing the transition layer between the corroded and non-

corroded areas on the surface of an individual particle after oxidation in water.
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concentration; such regions are absent at high chloride concentration. The increased

corrosion potential and increased cathodic current densities associated with the

extruded material result from the increased precipitate population density compared

with the cold-phased material. Evidently, RS increases solubility and retains alloying

elements in the matrix. Additional heating during consolidation promotes partial

precipitation of the secondary phases and thus increases the population density of
the precipitates.

A further difference in material structure concerns the presence of pores. The

extruded material is pore-free, whereas the cold-pressed powder is associated with

30% porosity. The diameter of pores typically varies from 0.1 to 5 lm. Such porosity,

with limited access of oxygen into the pores may act as a site for crevice corrosion

during electrochemical measurements that may complicate the interpretation of the

results. However, electron-optical examination did not reveal any significant disso-

lution of the alloy at the surface of the pores, suggesting little contribution to the
measured currents.

The AES and SIMS data reveal that the powder surface is covered by a relatively

thick layer of aluminium and magnesium-containing oxides. Such a conclusion has

been made in other studies [9,11,12] where magnesium was observed to segregate

strongly in the surface oxides. While oxidation at room temperature usually yields

alumina, the role of magnesium increases with temperature [13–15]. Further, Shi-

mizu et al. [16] has shown co-oxidation of aluminium and magnesium at the alloy/

film interface. The faster outward mobility of magnesium cations relative to Al3þ

cations leads to the formation of crystals of MgO at the surface of the oxide. With

time, interfacial roughening develops, possibly associated with spinel formation. The

formation of a spinel (MgAl2O4) at relatively high temperatures (>773 K) has been

widely reported [17–19].

Evidently, conditions of water atomisation promote the formation of a relatively

thick oxide, which provides improved protection of the surface of the pores formed

during atomisation compared with the relatively thin film formed on the polished

surface after section preparation at room temperature.
The cast material undergoes localised corrosion at low and high chloride con-

centration. In contrast to the PM materials, which have higher increased levels of

solubility of the alloying elements and more refined second phase precipitation, the

cast material contains relatively coarse phases. The precipitation of second phases

leads to the formation of galvanic cells with the matrix; the dissolution commences at

the very coarse precipitates which are usually located at triple point junctions.
5. Conclusions

1. The intermetallic particles enriched with zinc and magnesium are responsible for

initiation of the pitting corrosion in the selected alloys.

2. The improved performance of the PM materials to localised corrosion in 0.3 wt.%

NaCl solution compared with the cast material arises because of microstructural

differences. The precipitates in the PM materials are significantly refined, and the
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difference between the matrix alloying content and that of the precipitates is less

than in the cast material.

3. Possible crevice corrosion, associated with pores in the cold-pressed powder, was

absent due to formation of protective oxide/oxyhydroxide films on the powder

surface during water atomisation.
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