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Abstract

A study has been conducted in mildly aggressive saline solutions to indentify subtle yet
important difference in the anodic and cathodic process of three Mg-Al alloys, AZ31B,
AM30 and AMG60B in a partially passive state and a localized corrosion state. The
influence of metallurgical factors and environment variables on the corrosion resistance
and surface film breakdown process has been investigated using potentiodynamic and

potentiostatic tests combined with optical microscopy.

All three Mg-Al alloys corroded in a partially protected state under open circuit
conditions in the test solution and the surface film formed on each exhibited a similar
breakdown potential. This indicates that metallurgical factors such as alloying additions
and the presence of the B-phase (Mgi7Al12) did not significantly influence the surface film
breakdown process. AM60B exhibited improved corrosion resistance at potentials below
the breakdown potential due to the formation of a more protective surface film. The -
phase, however, did not strongly influence either the anodic process at potentials above
the breakdown potential or the cathodic process. It was determined that increasing the
alloy Al content increases the corrosion potential of Mg-Al alloys, but also increases the
risk of localized corrosion. The similar anodic and cathodic polarization behaviour
exhibited by AZ31B and AM30 indicates that a 1 wt % Zn alloying addition does not
strongly influence the corrosion resistance of these alloys. The die-cast skin of AM60B

exhibited better corrosion resistance than the interior at potentials below the breakdown



potential due to the higher fraction of Al-rich B-phase, which improved the protective
ability of the surface film. The semi-continuous 3-phase network did not provide a strong
micro-galvanic activity to drive anodic dissolution of the a-phase, therefore, did not
significantly affect the corrosion resistance above the breakdown potential. The
crystallographic texture exhibited by the extruded AM30 did not strongly affect the short-
term and long-term corrosion resistance. AM30 showed a relatively steady passive state

during long time exposures in a room temperature 0.01 M NaCl solution.
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Chapter 1. Introduction

The North American 2020 strategic goal is to substitute 630 Ibs of steel and aluminum for
340 Ibs of magnesium automotive parts [1]. The Magnesium Front End Research and
Development (MFERD) project is one of the major international efforts to bring together
scientific and engineering expertise from Canada, China, and the United States in the
field of magnesium technology [2]. The objectives of this project are to develop some key
technologies and build a knowledge base for Mg applications. In this project, three
commonly used magnesium alloys; rolled AZ31B, extruded AM30 and high pressure die
cast AM60B were chosen for the new front end prototype design. One of the major
factors limiting their application in the automotive industry is their poor corrosion
resistance in near neutral saline environments, which correspond to typical road

conditions.

Mg-Al alloys exposed to air and mildly aggressive solution are covered by a relatively
protective surface film [3-20]. The stability of the film and corrosion resistance of Mg
alloys is primarily related to their chemical composition, microstructure and the
environment. The influence of these factors on the corrosion mechanisms of Mg alloys is
not well defined and understood because these mechanisms are significantly different
before and after the breakdown of the film. Some standard corrosion test solutions, such
as 3~5 wt % NaCl solution, have been commonly employed to study the corrosion
resistance of Mg alloys, in which Mg alloys suffer severe localized corrosion and exhibit

extremely high corrosion rates [3, 8, 13, 21-31]. Obviously, a mildly aggressive corrosion
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environment is more suitable for Mg alloy corrosion research to indentify the subtle yet

important difference in corrosion behaviour for automotive use.

In this research, electrochemical techniques and optical microscopy were employed to
examine the corrosion resistance of rolled AZ31B, extruded AM30 and die-cast AM60B
in a mildly aggressive near-neutral saline solution (GM9540P) to better understand the
critical metallurgical factors that control the corrosion and surface film breakdown
processes. Key parameters investigated include the role of alloying elements (primarily
Al and Zn), the presence of the B-phase (Mg;7Ali2), microstructural skin effect and
applied potential. In addition, the influence of crystallographic texture and pre-exposure
time on corrosion resistance of extruded AM30 has been studied using a 0.01 M NacCl
solution. The information obtained from electrochemical testing in these solutions will
greatly help to understand the corrosion resistance in commonly encountered

environmental conditions.
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Chapter 2. Literature Review

Mg-Al-Mn alloys with Zn are defined as the AZxx series, whereas Mg-Al-Mn alloys
without Zn are defined as the AMxx series. For AZ31 and AMG60 alloys series, the
difference of chemical composition is minor [32]. The chemical composition limits for
AZ31B, AMG60B are listed in Table 2.1 according to ASTM standard [32]. It is should be
noted that AM30 is a recently developed alloy, which mainly contains 3 wt % Al and 0.4
wt % Mn [33]. There has not been an ASTM standard specifying the chemical
composition limits for AM30 so far. The major difference of chemical composition
between these three alloys is AM60B has about 3 wt % higher Al content than that in
AZ31B and AM30 and the presence of 1 wt % Zn in AZ31B only. It is also noted that the
concentration of Fe in each is well below the 170 ppm (0.017 wt %) tolerance limit [34].
This indicates that commercial alloys have sufficient control of impurity level to optimize
corrosion resistance. Thus, the poison elements, such as Fe, are unlikely to play a

controlling role in the corrosion processes of the MFERD alloys.

Table 2.1 Chemical Composition of Experimental Alloys (wt %) [32-33].

Alloy Al Zn Mn Fe Si Mg
AZ31B 2.5-3.5 0.6-1.4 0.2-1.0 0.005 0.10 Balance
AMG0B | 5.5-6.5 0.22 0.24-0.6 0.005 0.1 Balance

AM30 3 N/A 0.4 N/A N/A Balance
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AZ31 and AM30 are both single phase alloys [35]. HDPC die-cast AM60 has a dual-
phase microstructure, in which the secondary -phase (Mgi7Al,) is precipitated on the
grain boundaries. The precipitation of the B-phase from solid solution can be continuous
or discontinuous [32]. The completed divorced morphology of the a/p eutectic has been
reported in die-cast AM60 [36-37]. The small a-matrix grains have an almost spherical
shape divided by small B-phase particles, which locate on the grain boundaries.
Barbagallo et al. [36] reported that the Al concentration can vary from 2.5 wt % in the
center of grain to about 10 wt % close to gain boundary region. By contrast, the Al
concentration in [3-phase is roughly constant at around 44 wt % [38]. High pressure die-
cast skin has been wildly reported [21, 37, 39-40]. It has a finer grain size, higher fraction
of B-phase than that in the interior. In these three alloys, Al-Mn intermetallic particles are
randomly distributed in the grains and on the grain boundaries. Most Al-Mn intermetallic
particles contain 0~2.5 wt % Fe to form various AlyMnyFe, with highly irregular shape

and the average dimension of the Al-Mn particles is about 300 nm [31-32].

The corrosion resistance of Mg-Al alloys in saline environments is strongly influenced by
the alloy composition, microstructure and the stability of a partially-protective surface
film. Controlling factors include (i) composition of the solid solution a-matrix [25], (ii)
presence of Al-Mn intermetallic particles [41-43], and (iii) the presence of the secondary
B-phase [21, 24, 41, 44]. However, the extent to which each of these influences corrosion
depends on whether corrosion is occurring above or below the apparent breakdown

potential (Ep). This critical potential, Ey, is defined as a potential where the anodic current
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density dramatically increases due to the breakdown of the surface film. The example is

given in Figure 2.2.

2.1 Corrosion States of Mg-Al Alloys

Wang et al. [19] reported that AZxx alloys can exhibit passive behaviour in near-neutral
saline solutions due to a partially protective film formed on the surface. They constructed
a corrosion map for AZ31 and AZ91 as a function of electrode potential and ion
concentration based on electrochemical measurements, as shown in Figure 2.1. The
critical potential, V., acts as the boundary between the passivation and corrosion zone.
This potential, which was determined by potentiostatic polarization tests, indicates the
initiation of pits and accelerated localized corrosion. According to the corrosion map,
both AZ31 and AZ91 can exhibit passive behaviour in various dilute solutions in the
presence of aggressive anions, such as CI', due to the location of the open circuit
potential, Eocp (Or corrosion potential, Ec), in the passivation zone. The CI
concentration limit for which Eocp values lie within the passivation zone are 0.2 mol/L for
AZ31 and 0.5 mol/L for AZ91. This indicates that an increase in alloyed Al content can

extent the passivation zone to higher potentials for Mg-Al alloys.

From Figure 2.2, an increase in the concentration of CI" has no significant influence on
the cathodic polarization behaviour. In contrast, the anodic polarization behaviour is
strongly affected by the concentration of CI". Mg-Al alloys only exhibits an apparent E,, in

the anodic branch in dilute solution. Increasing the CI” concentration decreases Ep, which
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effectively decreases the size of the passivation zone [19]. Thus, it is obvious that the
presence of aggressive anion (CI") and its concentration play a critical role affecting the

corrosion state of Mg-Al alloys.
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Figure 2.1 Corrosion maps for AZ31 and AZ91 alloy in NaCl solution [19].
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Figure 2.2 Cathodic and anodic polarization curves for AZ31 in various concentrated
NaCl solutions [19].
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Wang et al. [18] also compared the current density transient for AZ31 and AZ91 in
corrosion zone (-1.30 Vscg) and passivation zone (-1.50 Vsce), respectively, when
exposed in 0.01 M NacCl solution, as shown in Figure 2.3. It should be noted that -1.50
Vsce is below Ecor based on the corrosion map (Figure 2.1) for both AZ31 and AZ91.
This indicates that both alloys exhibit cathodic polarization at -1.50 Vsce. Both AZ31 and
AZ91 exhibited a remarkable higher current density in the corrosion state (Figure 2.3(a))
than that in the passivation state (Figure 2.3(b)). There was no significant difference
between the steady-state current density observed on AZ31 and AZ91 in the passivation
state, whereas a slightly different, but within one order of magnitude, steady-state current
density was observed in the corrosion state. Tunold et al. [45] compared the corrosion
resistance of pure Mg and AZ63 in 1000 ppm NaCl solution with pH 10 and showed that
AZ63 exhibited a more positive Eor and lower corrosion current density, icor, than those

measured for pure Mg.
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Figure 2.3 Time variation of current densities for AZ31 and AZ91 alloys polarized
potentiostatically at: (a) -1.30 V and (b) -1.50 V for 20 h in 0.01 M NacCl solution [18].

Under the passivation condition, Mg alloys are protected by a relative stable surface film.
Since the charge transfer of anodic reaction occurrs beneath the film, metal cations need
to diffuse through the film and the film/solution interface. The mass transport rate of
metal cations through either of these two layers can be rate controlling. Baril et al. [4]
observed the limiting anodic current density exhibited in the polarization curves of pure
Mg in 0.1 M NaSOq solution as a function of electrode rotation rate, as shown in Figure
2.4. The results indicate that the mass transport of metal cations through these two layers
dominates the anodic kinetics. They also found that the rotation rate of the electrode had
no effect on the polarization behaviour. Thus, the mass transport of metal cations through

the surface film dominates the overall mass transport process.

8
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Figure 2.4 Potentiodynamic polarization curves after pre-exposure at Ecor in 0.1 M
Na,SO, solution for 3.5 h. Rotation speed: (A) 240 rpm; (o) 1000 rpm [4].

The corrosion resistance of Mg-Al alloys, in either state, is largely governed by the
overall corrosion behaviour of pure Mg, which proceeds by an electrochemical reaction
with H,0 to produce Mg(OH), and Ha:

Mg +2H,0 > Mg(OH), + H, (2-1)

This overall reaction can be separated as shown below:

Mg — Mg*" +2e~ (Anodic reaction) (2-2)
Mg*" +20H~ — Mg(OH), (Precipitation reaction) (2-3)
2H,0+2e” — H, +20H " (Cathodic reaction) (2-4)
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The equilibrium standard state Mg®*/Mg half-cell potential (-2.37 Vsue) is far more
negative than the equilibrium standard state H'/H, half cell potential (0 Vsug).
Consequently, the hydrogen evolution (cathode) reaction (Equation 2-4) is extensively
polarized on Mg. On the other hand, the concentration of oxygen dissolved in solution is
limited by diffusion. The oxygen cathodic reaction is slow compared with the hydrogen
evolution reaction. Baril and Pebere [4] have shown that the steady-state cathodic current
density exhibited by Mg is approximately equal in both aerated and deaerated Na,SO,4

solution, thereby discounting any significant oxygen reduction contribution.

The Mg anodic dissolution reaction (Equation 2-2) produces the soluble Mg?* ion. This
ion then attracts OH ion in the solution to produces Mg(OH), (Equation 2-3), which
precipitates as a film on the exposed surface. The solid Mg(OH), product is not
thermodynamically stable at near-neutral pH. It is stable only after the solubility of
product is exceeded, which is predicted to occur at about pH 10.5, assuming a Mg**
concentration of 1 x 10° M [46]. For this reason, the formation of the surface film is

strongly affected by pH.

The charge transfer of cathodic reaction occurs on the surface of the film [47]. The
exchange current density of cathodic reaction, i, ¢, usually dominates the cathodic kinetics.
It is strongly affected by the properties of the surface film. Due to the semiconducting

nature of the surface film [48-49], the electron transport process is much easier and faster
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than the mass transport process. Thus, the corrosion of Mg and Mg alloys are mainly

controlled by the anodic process.

2.2 Localized Corrosion State (Ecorr > Ep)

The majority of the corrosion research on Mg-Al alloys (both AZxx and AMxx alloys)
has been developed in aggressive solutions, in which Ecor > Ep [6, 8, 14, 21-26, 30-31,
41-42, 44, 49-58]. It is well known that they are susceptable to localized corrosion due to
the breakdown of the surface film and the pit-like corrosion defects tends to propagate

widely [14, 19, 22, 43, 45, 49, 56-58].

A consistent mechanism for Mg alloy film breakdown has not been established yet. Zeng
et al. [43] argued that the micro-galvanic interaction between the a-matrix and an
adjacent effective cathodic phase plays a major role in the passive film breakdown
process, as shown in Figure 2.5. They claimed that pitting corrosion initiates at flaws in
the surface film around either the B-phase or Al-Mn intermetallic phase, both of which
have an electrochemical potential more positive than the a-matrix, as shown in Table 2.2.
Chen et al. [59] also observed that the corrosion of AZ91 was more aggressive at Al-Mn
phase regions under cyclic wet-dry conditions and the film rupture initiated at this region
in the dry condition. Pardo et al. [42] observed that the pits initiated at the a matrix/Al-
Mn and B-phase interface. After the Al-Mn and B-phase particles were undermined, the
precipitation of the Mg(OH), surface film on the remaining a-matrix tended to inhibit

further corrosion attack. Merino et al. [31] believed that the Al-Mn particles only had a
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minor influence on the early stage of passivity breakdown process. The role of these

particles depended on their composition, size and location.

Table 2.2 Typical Corrosion Potential Values for Mg & Mg-Containing Second Phases
(after 2 h in deaerated 5 wt % NaCl solution saturated with Mg(OH). (pH 10.5)) [60].

Metal Ecorr,Vsce

Mg -1.65
Mg.Si -1.65
AlgMn -1.52
Al;Mn -1.45
AlgMns -1.25
Mg17AlL2(B) -1.20
AlgMns(Fe) -1.20
AlgMn(Fe) -1.10
Alg(Mn Fe) -1.00
AlsFe(Mn) -0.95
AlsFe -0.74

AlMn particle

Cathodic reaction
2H,0+2¢ = 20H +H,

Anodic reaction
Mg —eM s,z +2e

-—
0 M3 101 % con v

Figure 2.5 Schematic of pitting corrosion mechanism for magnesium alloy AMG60 [43].
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Of the three generalized aggressive ion-induced passive film breakdown models
summarized by Marcus et al. [37], the most likely operating in Mg-Al alloys is the stress
induced breakdown. It has been shown CI" can penetrate into the film to form metal-
hydroxyl-chloride complex compound [8, 13, 61] . The growth of this compound can
generate the stress to facilitate the breakdown of film [61] Hara et al. [5] measured the
film thickness as a function of applied anodic potential using in situ ellipsometry. As
shown in Figure 2.6, the thickness of the AZ91D film immersed in 0.1 M NaCl increased
almost linearly with increasing potential from -1.5 Vagagel t0 -1.36 Vagiagel. The film
thickness reached a constant value once the potential exceeded Ey. This suggests that the

film growth is interrupted when the alloy undergoes passivity breakdown.

10 : L} T - L} T I L} T L} T L T T 3
- [Specimen: AZ91D
[ (Solution: 0.1M NaCl . o
-|Open-circuit immersion: 1h ! 5194
I E LR =
10° | 1
e | £
< - —192 ~
= L ]
10" 1
Anodic -90
10'2 1 1 | L 1 L 1 | Il 1 1 | 1 1 1 'l
-1.50 -1.45 -1.40 -1.35 -1.30

E IV vs. Ag/AgCI(3.33M KCl)

Figure 2.6 Changes in current density and thickness of surface films as a function of
potential during anodic polarization of AZ91D in 0.1 M NaCl. Polarization started after
immersion for 1 h [5].
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Brun et al. [8] utilized infrared spectroscopy and XRD to identify the presence of chloride
containing compounds corresponding to MgCl,*6H,0 and Mg3;(OH)sCle4H,0 located in
the surface film formed on Mg, which was immersed in 3 wt % NaCl solution at Ecqy.
This is consistent with the observation by Lindstrom et al. [7] on the surface film formed
on NaCl-coated (70 pg/cm?®) AZ91 after exposure to a humid environment (95% relative
humidity). The formation of the soluble metal-hydroxyl-chloride complex compound
results in the favourable anodic dissolution of Mg accompanied by the chemical
dissolution of the surface film. In addition, Yao et al. [62] observed that the corrosion
product formed on pure Mg in 3 wt % NaCl solution was more hydrated, and became
more porous and thicker than the films formed in distilled water (Table 2.3). Wang et al.
[18] , however, did not find any evidence of CI ion incorporation within the surface film
formed on AZ31 and AZ91 in dilute NaCl solution (0.01 M) at an anodic potential both
above and below E;,. The surface film observed was mainly a mixture of Mg(OH), and
MgCOs. They claimed that the CO,/HCOj3™ could compete with CI to affect the surface
film formation and breakdown depending on the concentration of anions. The degree of
carbonation was found to be lower in the corrosion zone than in the passivation zone.
Dissolved CO, from atmosphere and the presence of HCO3™ showed inhibited effect due
to the formation of MgCOj3, which could enhanced the passivity of surface layer and
minimized chloride-induced corrosion on the alloy [24]. This is consistent with the
observations by Lindstrom et al. [7] on the surface film formed on NaCl-coated (70
ng/cm?) AZ91 after exposure to a humid environment (95% relative humidity) in the

presence of CO,. Merino et al. [31] studied the influence of CI" concentration and
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temperature on the corrosion of AZ31B alloy using salt fog. The corrosion products
formed on AZ31 at higher temperatures (35°C) were less rigid and less protective than the
corrosion product formed at lower temperatures (25°C). Thus, environmental factors,
such as the concentration of anion and the temperature, have a significant influence on the
chemical composition and structure of the surface film, and consequently affect the

corrosion resistance of Mg alloys and the film breakdown process.

Table 2.3 Oxide Film Thickness (nm) Estimated by XPS for Melt-Spun Mg Ribbon in
Three Conditions for Various Duration [62].

Condition 1 min 3h 7 days | 1 month 7 years
Air 2.65 N/A 5.31 5.54 5.67
Distilled water 11.20 28.71 N/A N/A N/A
3 wt % NaCl 15.43 30.44 N/A N/A N/A

Increasing Al concentration has been found to decrease the corrosion rate of Mg-Al alloys
in saline solutions [24-25, 42, 56, 58]. Song et al. [25] studied the electrochemical
polarization behaviour of solution-treated Mg-Al single a-phase alloys with various Al
concentrations after immersion in 5 wt % NaCl solution (pH 11) for 3 h. They observed
that all alloys exhibited an E.,; above Ey. In addition, both E, and E.orr increased with an
increase in the a-phase Al content (Figure 2.7). It is interesting to see the significant
reduced cathode kinetics as the Al content increases. Furthermore, their similar
potentiodynamic polarization tests done for pure Mg, a-phase (AZ21), B-phase (AZ501)

and dual phase alloy (AZ91) in 1 M NaCl solution shows that the cathodic kinetics are
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affected not only by Al content in a-Mg matrix, but also by the presence of B-phase

(Figure 2.7) [24].
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Figure 2.7 Polarization curves of Mg-Al single a-phase alloys in 5 wt % NaCl saturated
with Mg(OH), (pH 11) [25].
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Figure 2.8 Polarization curves for pure Mg, AZ21 (a), AZ501 (B) and AZ91 (o) in 1 M
NaCl (pH 11) [24].
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As inferred from Table 2.2, the B-phase is cathodic to the a-phase. Song et al. [24]
measured the polarization behaviour of both the a-phase and B-phase in 1 M NaCl at pH
11, as shown in Figure 2.8. They found that the B-phase has more positive Ecor and
exhibits lower icor than the a-phase. This agrees very well with the work done by Lunder
et al. [44]. They observed that B-phase exhibited more positive Ecor and lower corrosion
rate than those measured on pure Mg in 5 wt % NaCl solution. Song et al. [56-58]
proposed that the B-phase has two influences on corrosion resistance of Mg-Al alloys
depending on its volume fraction and distribution in the matrix. This phase could act as a
barrier to inhibit corrosion or as an efficient galvanic cathode to accelerate the corrosion
process of the a-Mg matrix. This proposed dual role of B-phase is supported by the study
on the heat-treatment effect on corrosion resistance of AZ91D [25, 27, 44, 53]. An
increase in aging time of the T4 condition was found to cause discontinuous B-phase
precipitation along grain boundaries and a reduction in the Al content in the a-matrix.
This caused the enhanced micro-galvanic corrosion to accelerate the anodic dissolution of
a matrix [25], as shown in Figure 2.9. However, Lunder et al. [44] disagreed with this.
They claimed that the cathodic activity of B-phase is very small when it coupled with a-
phase. They attributed the preferential corrosion attack of the a-phase to a higher intrinsic

dissolution rate.
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Figure 2.9 Weight loss represented as corrosion rate for heat treated AZ91 samples
immersed for 100 h in 0.1 M NaCl [44].

The proposed dual role of B-phase also has been used to explain the improved corrosion
resistance of die-cast skin of Mg alloys. The skin of die-cast AZ91D showed significantly
more corrosion resistance (one order of magnitude lower corrosion rate) than its interior
when tested in at Ecor in 1 M NaCl pH 11 [21]. This could be attributed to more
continuous B-phase around finer grain boundaries in the skin (Figure 2.10), where the -
phase acted as a barrier to corrosion propagation. Song et al. [21] schematically illustrated
the skin effect as shown in Figure 2.11. If the grains are very fine and the fraction of -
phase is not too low, the B-phase can build a nearly continuous network around the a-
matrix and inhibit corrosion attack. In addition, the corrosion products formed will easily
deposit on the surface due to the slower corrosion reaction. This will be beneficial in

order to further slow down the corrosion process.
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Figure 2.10 Optical microstructures after etching of different sections of die-cast AZ91D
alloy: (a) edge area, (b) center area [21].
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(B)
Figure 2.11 Schematic presentation of the change of surface composition during corrosion

for an alloy with nearly continuous [-phase over its surface layer: (A) initial surface, (B)
final surface [21].

The addition of Zn to AZxx alloys is limited to 1 to 3 wt % due to its accelerating effect
on corrosion above 3 wt % [60]. Zn may be present in both the a-matrix and the 3-phase.
Daloz et al. [50] reported that the addition of Zn increased E.qr and decreased icor Of both

the o-Mg matrix and B-phase in ASTM D 1384 solution (Table 2.4). This effect is
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consistent with the corrosion performance of Zn within the o and P phase after
electrochemical testing in 5 wt % NaCl solution saturated with Mg(OH), [44]. Song et al.
[57] showed that during the anodic dissolution of AZxx, Mg was the main component
dissolving into solution and there was no dissolved Zn was found in the solution. Song
[24] analyzed the surface film formed on AZ21, AZ501 and AZ91 after 24 h exposure in
1 N NaCl at pH 11 using XPS. The surface film on all alloys did not contain any Zn. In
addition, a small amount of Zn was found to have dissolved into the test solution for all
Mg alloys tested. This suggests that Zn was not involved in the surface film formation

process.

Table 2.4 Electrochemical Behaviour of Various Phases in ASTM D1384 Solution (0.148
g/L Na,SO,4+ 0.138 g/L Na,CO3 + 0.165 g/L NaCl) [50].

Alloy Ecorr, 2 0 Rp, 2 h Ecorr, 4 D Rp, 4 h icorr, 4 0

v) (kQ) (V) (k) (nA/em?)
Mg-4% Al -1.84 1.05 -1.82 1.15 215
Mg-7% Al -1.79 1.14 -1.76 -1.25 162
Mg-6.5% Al-0.5%2Zn -1.41 4.7 -1.31 20.9 12
Mg,7Al, -1.51 4,75 -1.46 5.61 32
Mg;;Als -1.56 4.80 -1.50 6.02 11
Mg;;Al g -1.45 14.5 -1.41 20.5 45
Mg7Al11Zng -1.32 4.7 -1.23 11 68
Mg;;AlpZn, -1.28 2.2 -1.21 16.3 7.4
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2.3 Passive Corrosion State (Ecorr < Ep)
Comparing to the extensive corrosion research on the localized corrosion state (above Ep),
there is significantly less reported about the influence of the controlling factors on the

corrosion resistance of Mg-Al alloys exhibited below Ej.

Nordlien et al. [15-16] reported a three-layer surface film structure (Figure 2.12) when
Mg-Al alloys exposed in distilled water for 48 h. A dense intermediate layer was the
initial air-formed film, which consisted of amorphous MgO enriched with Al. The outer
platelet-like layer mainly consisted of crystalline Mg(OH),, which was formed by
dissolution-precipitation reaction (Equation (2.3)). They believed that the Al-rich inner
layer plays a major role to improve the corrosion resistance of Mg-Al alloys. Wang et al.
[18, 20] used XPS to study the chemical composition of the surface film formed on AZ31
and AZ91 alloys after exposure to 0.01 M NaCl solution in the passivation zone. The
outer layer consisted of Mg(OH), and MgCOs, while the inner layer was a mixture of
Mg(OH),, MgO and MgCOs. They claimed that the formation of MgCOs retards the CI°
induced corrosion, and consequently the carbonation degree affects the properties of
corrosion or passivation zone of Mg-Al alloys. The ex situ and in situ film study by
Santamaria et al [17] found that the structure of the initial film formed on Mg in aqueous
solutions consisted of a non-compact duplex structure containing a thick and porous
external layer of Mg(OH),. Furthermore, a non-ordered region can form between
crystalline grains during the growth process, creating a grain boundary [61]. The passive

film formed on non-ordered region provides partial protection to the substrate metal.
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Figure 2.12 Schematic representation of the surface film formed on Mg and its alloys
after 48 h exposure to distilled water [15-16].

Nordlien et al. [15] analyzed the Al distribution in the surface film formed on Mg-Al
alloys, as shown in Figure 2.13 and Figure 2.14. They found that Al was mostly
distributed in the inner layer. An increase in Al content above 3~5 wt % in alloy
dramatically decreases the thickness of the outer platelet layer, as shown in Figure 2.15.
This resulted in a thinner and compact surface film and consequently improved the
corrosion resistance of Mg-Al alloys. Splinter and Mclintyre [63] claimed that the bulk

thickening process in D,O water vapour environment was controlled by the transport of
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metal cations through the film. The Al addition resulted increase activation energies and,

thus decreased the rate of oxide film growth.
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Figure 2.13 Al concentration and O/Mg ratio depth profiles of oxide film on Mg-3 % Al
specimen using X-ray EDS point analysis after immersion in distilled water for 48 h [15].
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Figure 2.14 Al concentration and O/Mg ratio depth profiles of oxide film on AMG60
specimen using X-ray EDS point analysis after immersion in distilled water for 48 h [15].
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Figure 2.15 Total film thickness and layer thickness of the oxide film as a function of Al
content of the alloy [15].

Hara et al. [5] found the film formed on AZ91D grew rapidly in two consecutive stages;
stage one where the film thickness increased linearly with time, and stage two where the
film growth rate decreased with time (Figure 2.16). They also observed the increased E,
and reduced passive current density, ipass, With film growth when AZ91D exposed in 0.1

M NacCl solution for longer time. Comparing with pure Mg, the increasing rate of E, and
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decreasing rate of iyass With film thickness for AZ91D is larger, which could be attributed
to the change in composition and structure of surface film. They believed that the
increased resistance of thicker film might slow down the electrochemical reaction that
occurred on the exposed surface and consequently reduce the corrosion rate. Thus, the
film growth of Mg alloy might suggest two aspects for corrosion research. First, pre-
exposing Mg alloy in dilute solution improves its corrosion resistance [5]. Second, the
long term corrosion test result might not agree with the short electrochemical test results,

which indeed has been reported [54].
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Figure 2.16 Thickness of surface film formed on AZ91D as a function of immersion time
in 0.1 M NaCl [5].
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2.4 Relative Corrosion Behaviour

Mg-Al alloys exhibit very good atmospheric corrosion resistance [3, 9, 11, 13, 60, 64].
Table 2.5 summarizes the reported corrosion rate of Mg and Mg alloy in different
atmospheric environments. It is clear that higher Al content alloys exhibit better corrosion
resistance. The overall ranking of Mg-Al alloys corrosion rate in the passive state is given
as Mg > AZ31 > AZ80 > AZ91D. Lindstrom et al. [7] observed the localized corrosion
occurred on AZ91D in the absence of CO,, in contrast, pitting is inhibited in the presence
of CO; with relatively uniform corrosion product development. The inhibitive effect of
CO, was also observed in the long-term exposures, showing that CO, reduces the average

corrosion rate.

Most of the research reporting has utilized aggressive solutions such as 3~5 wt % NaCl
[5, 23-24, 26, 41-42, 44, 62], in which E. is above Ep,, to compare the corrosion
resistance of Mg alloys. Cheng et al. [41] compared the corrosion resistance of Mg alloy
in 1 M NaCl solution using EIS and potentiodynamic polarizaion. They reported the
relative corrosion rate is ranked as AZ91>AZ31>AMG60. By contrast, Zhao et al. [29] did
same potentiodynamic test in 3 wt % NaCl solution and gave the rank of corrosion rate as
AZ31>AM30>AM60~AZ91. This relative ranking also disagreed with their long term
salt spray and hydrogen evolution test results, as shown in Table 2.6. These conflicting
results indicate that these normal corrosion tests on Mg alloys in aggressive solution are
not reliable. In aggressive solution, Mg alloys undergo severe localized corrosion. In this

case, the anodic current density increases dramatically with an increase in the polarization
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potential. These relative deviations were much larger than the precision of the
electrochemical method. Song and Atrens [58] found Tafel extrapolation could not
estimate the corrosion rate reliably. Shi et al. [54] reported that the relative deviation in
the evaluation of the corrosion rate from Tafel extrapolation ranged from 48% to 96%
when Mg alloys test in 3.5 wt % NaCl solution. Thus, comparing Mg alloys corrosion rate

in aggressive solution is not suitable for the application in automotive industry.
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Table 2.5 Atmospheric Corrosion Rate of Mg and Mg alloys.

Dept. of Materials Science and Engineering

McMaster University

Corrosion Rate (mg/cm?) Ref.

Alloy Test Condition

7 days 15 days | 30 days

AZ91 95% RH, 22°C - - ~0 [13]
Mg 95% RH, 22°C - - 0.01 | [7]
Mg 98% RH, 50°C 0.06 0.12 017 | [11]
AZ31 98% RH, 50°C 0.03 0.08 0.12 [11]
AZ80 98% RH, 50°C 0.008 0.034 0.057 [11]
AZ91D 98% RH, 50°C 0.014 0.053 0.072 [11]
AZ91D | 95% RH, 22°C,15 pg/cm? NaCl added - - 0.1 [13]
AZ91D | 95% RH, 22°C,36 pg/cm? NaCl added - - 0.17 [13]
AZ91D | 95% RH, 22°C,74 pg/cm? NaCl added - - 0.23 [13]
AZ91D | 95% RH, 25°C,70 pg/cm? NaCl added 0.15 0.3 0.47 [3]
AM20 | 95% RH, 22°C,70 pg/cm? NaCl added 0.33 0.6 0.73 [64]
AM60 | 95% RH, 22°C,70 pg/cm? NaCl added 0.26 0.36 05 [64]
AZ91D | 95% RH, 22°C,70 pg/cm? NaCl added 0.18 0.21 023 | [64]
A731 Continuous condenzsgsi((:)n, 100% humidity, 0.07 0.15 0.38 [9]
AZ61 Continuous condensation, 100% humidity, 023 021 036 [9]

23°C

28




MSc Thesis-Yaning Hu (2012)

Table 2.6 Comparison of Corrosion Rate of Mg Alloys.

Dept. of Materials Science and Engineering

McMaster University

Alloy Test Condition Corrosion Rate Ref.
AZ31 Salt spray, 3% NaCl ,7 days 0.3 mm/yr [29]
AM30 Salt spray, 3% NaCl ,7 days 0.3 mm/yr [29]
AMG60 Salt spray, 3% NaCl ,7 days 2.3 mm/yr [29]
AZ91 Salt spray, 3% NaCl ,7 days 0.9 mm/yr [29]
AZ31 Hydrogen evolution, 3% NaCl, 7 days 2.3 mm/yr [29]
AM30 Hydrogen evolution, 3% NaCl, 7 days 8.7 mm/yr [29]
AMG60 Hydrogen evolution, 3% NaCl, 7 days 9.3 mm/yr [29]
AZ91 Hydrogen evolution, 3% NacCl, 7 days 4 mm/yr [29]
AZ31 Potentiodynamic polarization, 3% NaCl 0.7 mm/yr [29]
AM30 Potentiodynamic polarization, 3% NaCl 0.5 mm/yr [29]
AMG60 Potentiodynamic polarization, 3% NacCl 0.2 mm/yr [29]
AZ91 Potentiodynamic polarization, 3% NaCl 0.2 mm/yr [29]
AZ31 Potentiodynamic polarization, 3% NaCl 5.3 mm/yr [41]
AMG60 Potentiodynamic polarization, 3% NaCl 3.4 mm/yr [41]
AZ91 Potentiodynamic polarization, 3% NaCl 10.84 mm/yr [41]
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2.5 Knowledge Gaps

Throughout the literature review, it is clear that the factors controlling the corrosion
resistance of Mg-Al alloy are significant different for the corrosion states: localized
corrosion and passivation. Standard salt fog testing (e.g. ASTM B117) and immersion
testing in 3~5 wt % NaCl solution are commonly used for corrosion studies, in which Mg
alloys suffer severe localized corrosion and exhibit extremely high corrosion rates [3, 8,
13, 21-31, 65]. However, the typical automotive road environment is mildly aggressive
[60, 66], in which Mg alloys are likely exposed in the passive state. It is important to
understand the corrosion resistance of Mg alloy before and after the protective surface
breakdown. In addition, it is necessary to identify which metallurgical and environmental
factors critically affect the corrosion resistance of Mg alloys in passive state and what are
the controlling factors affecting the surface film breakdown. Obviously, a mildly
aggressive corrosion environment is more suitable for Mg alloy corrosion research to
indentify the subtle yet important difference in corrosion behaviour for automotive use.
Electrochemical testing in solution is great to help understand the corrosion resistances of

Mg alloys when combined with salt fog testing.
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Chapter 3. Objective

This research is intended to systematically investigate the corrosion resistance of the

MFERD alloys (rolled AZ31B, extruded AM30 and die-cast AM60B) in near-neutral

saline environments. The research objectives devised to achieve a better understanding of

the influence of metallurgical factors and environment variables on the corrosion
resistance of Mg-Al alloys in both the localized corrosion and partially passive state
including the following:

1. Compare electrochemical behaviour of AZ31B, AM30 and AMG60B, in mildly
aggressive near-neutral saline solution to indentify the subtle yet important
differences in cathodic & anodic processes.

2. Investigate the critical factors controlling the corrosion resistance and surface film
breakdown process of Mg-Al alloys.

e Influence of metallurgical factors: alloying elements (Al, Zn), crystallographic
extrusion texture, presence of B-phase (MgizA12) and Al-Mn intermetallic
particles.

¢ Influence of environment: pre-exposure time and applied potential.
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Chapter 4. Experimental Procedures

4.1 Materials Characterization

411 Materials

Three MFERD magnesium alloys were used in this research: high pressure die-cast
AMBG0B sheet with a thickness of 1.6 mm, extruded AM30 bar with a 15 x 25 mm? cross-
sectional area and rolled AZ31B sheet with a thickness of 1.44 mm. Figure 4.1 shows the

rolled AZ31B plate, extruded AM30 bar and cast AM60B plate.

The chemical composition of these alloys was determined by Inductively Coupled Plasma
(ICP) spectrometry and the results are shown in Table 4.1. AZ31B and AM30 both
contained similar concentrations of Al. However, AZ31B contains approximately 1 wt %
Zn, which was only present in trace amounts in AM30. The main composition difference
between AM30 and AMG60B is that AM60B contains approximately twice as much Al.
The concentration of Mn in all three alloys was similar. All other elements, such as iron

and silicon, were below the respective maximum tolerance level.
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(a) As-rolled AZ31B (b) As-extruded AM30

(c) As-cast AM60B

Figure 4.1 Images of as-received MFERD magnesium alloys.

Table 4.1 Chemical Composition of Experimental Alloys (wt %).

Alloy Condition Al Zn Mn Fe Si Mg

AZ31B As-rolled 3.146 | 0.955 | 0.433 | 0.002 | 0.015 | Balance

AM30 | As-extruded | 2.681 | 0.002 | 0.420 | 0.014 | 0.003 | Balance

AM60B As-cast 5.603 | 0.098 | 0.340 | 0.007 | 0.022 | Balance
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4.1.2 Metallography

Optical Microscopy was used to observe the microstructures prior to corrosion testing and
the extent of corrosion damage in the cross-section after exposure. The bulk material was
cut into small pieces using the chop saw with water cooling. Then all specimens were
sectioned using a precision cutting machine at a vertical cutting speed of 0.005 mm/s with
water cooling. All samples were cold mounted in epoxy resin. The grinding and polishing

procedures employed for all samples are shown in Table 4.2.

AZ31B and AM30 specimens were etched in 6 g (picric acid), 5 ml (acetic acid), 10 ml
(water) and 80 ml (ethanol 95%) to define the grain boundaries, while AM60B samples

were etched in 10 ml (HF 48%), 90 ml (water) to darken the B-phase (Mgi;Al12) [35].
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Table 4.2 Polishing Procedure for Magnesium Alloys.

) ) Load | Time
Step | Surface Abrasive Lubricant ]
(N) | (min)
1 Paper SiC 1200 grit Water 10 1.5
2 Paper SiC 2400 grit Water 10 0.5
3 Paper SiC 4000 grit Water 10 0.5
4 MD-Nap Water-free 9 um 20% (ethylene glycol) 10 5
Cloth diamond suspension +80% (ethanol 100%)
5 MD-Nap Water-free 3 um 20% (ethylene glycol ) 10 5
Cloth diamond suspension +80% (ethanol 100%)
MD-Ch Metlab-OPS
-Chem
6 Cloth ( Water based 0.05 N/A 10 10

um colloidal silica)

Rolling Direction (RD), Transverse Direction (TD) and Through Thickness (TT)

directions were used to define the three planes of the AZ31B sheet as shown in Figure

4.1(a). The rolling surface was the RD-TD plane and the other cross-sections were

defined as the RD-TT and TD-TT planes, respectively. Figure 4.2 presents the single

phase microstructure of the as-received AZ31B. The grains were slightly elongated along

the rolling direction. Extensive twinning was observed in all three planes, and this made it

very difficult to evaluate corrosion damage in this state. Thus, it was necessary to

recrystallize the AZ31B. Heat treatments were carried out on AZ31B samples under the

following conditions: 350°C for 3 h, 350°C for 6 h and 400°C for 24 h. The samples were

furnace cooled. The microstructure of the AZ31B sample after annealing at 350°C for 6 h

is presented in Figure 4.3. A single phase microstructure without twins was observed.
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Equaxied grains were homogeneously distributed for all planes. A small amount of Al-
Mn intermetallics were randomly distributed in the a-Mg matrix. The microstructures
were similar for the heat treatment conditions of 350°C for 3 h and 400°C for 24 h. The
average grain sizes for the various heat treatments are shown in Table 4.3. At 350°C, the
average grain size was similar after heat treatment for 3 and 6 hours. However, at 400°C
the grain size was much larger. Therefore, to ensure complete recrystallization and
limited grain growth, a heat treatment of 350°C for 6 h was applied on all AZ31B

samples prior to further testing.

Table 4.3 Average Grain Size after Different Heat Treatment for AZ31B.

Heat Treatment Average Grain Size (um)
350°C for 3 h 9

350°C for 6 h 10

400°C for 24 h 17

As shown in Figure 4.1(b), Extrusion Direction (ED), Transverse Direction (TD) and
Through Thickness (TT) direction were used to define the three planes of the extruded
AMS30. The two extrusion surfaces were the ED-TD and ED-TT planes; the cross-section
perpendicular to the extrusion direction was the TD-TT plane. Figure 4.4 presents
polarized light optical composite microstructures of the ED-TT and TD-TT planes from
the skin to center. The microstructure of the TT-TD plane could be observed by bright
field and polarized light, while the ED-TT plane microstructure could only be observed

by polarized light. This suggests that the preferred crystallographic texture on these two
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planes was different. For this reason, polarized light was used on all planes for the
analysis of the AM30 microstructure. The as-extruded AM30 had a skin layer with a
thickness of approximately 200 um containing coarse grains, as shown in Figure 4.4. The
average grain size gradually decreased from the skin to the central region of the sample.
In addition, the grains were slightly elongated along the extrusion direction. Figure 4.5
shows the microstructure of AM30 at higher magnification in the central region for the
three planes. The microstructure was essentially a single phase, which contained some Al-
Mn intermetallics randomly distributed in the a-Mg matrix. Some small grains mixed

with larger grains comprised the bimodal grain size distribution observed.

As shown in Figure 4.1(c), Longitudinal Direction (LD), Transverse Direction (TD) and
Through Thickness (TT) direction were used to define the three planes of the cast
AMG60B. Figure 4.6 shows the optical metallographic images of as-cast AM60B at the
skin region and at the central region. AM60B showed a dual phase microstructure. The
dark B-phase precipitated along grain boundaries and built a semi-continuous network
around the a-Mg phase. In the skin region there were higher volume fractions of 3-phase
and the grain size was smaller than that of the central region. Furthermore, a more
dispersed area fraction of this B-phase network was observed in the central region. Also,
there were some voids in the central region that were larger than the grain size, which was

approximately 1 um. By contrast, fewer voids were observed in the as-cast skin region.
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Unlike AZ31B, extensive twinning was not observed in either AM30 or AM60B. For this
reason, corrosion attack could be easily evaluated in the as-received condition and,

therefore, it was not necessary to do heat treatments on AM30 and AMG60B.
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(a) As-received AZ31B RD-TD plane (b) As-received AZ31B RD-TT plane (c) As-received AZ31B TD-TT plane

Figure 4.2 Optical microstructure of as-received AZ31B.

(a) AZ31B RD-TD plane (b) AZ31B RD-TT plane (c) AZ31B TD-TT plane

Figure 4.3 Optical microstructure of AZ31B after heat treated at 350°C for 6 h and furnace cooled.
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(a) ED-TT plane (b) TD-TT plane

Figure 4.4 Through thickness microstructure of as-extruded AM30 for the ED-TT and
TD-TT planes.
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Figure 4.5 Polarized optical microstructure of as-extruded AM30.

(a) Skin region (b) Center region

Figure 4.6 Optical microstructure of as-cast AM60.
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4.1.3 Microhardness Tests

Microhardness tests were performed utilizing a CLEMEX CMT 5.0 microhardness
testing system. A Vickers indenter was used with a 100 g load and a dwell time of 10 s to
obtain hardness profiles along the cross-section of each alloy. Samples were cold
mounted and polished up to 0.05 um Al,O3 to ensure a flat surface. Tests were completed
on ED-TT and TT-TD planes along three lines in a grid pattern, which were parallel to
the TT direction. The same testing method was applied on ED-TD plane along the TD
direction. The interval between indentions was at least four times larger than the diagonal

of the indenter to avoid interactions between consecutive indentations.

Microhardness test results for the heat treated AZ31B, as-extruded AM30 and as-cast
AMG0B are presented in Figure 4.7. The error bar with 95% confidence interval was
plotted along the curve. After heat treatment, a similar microhardness profile was
obtained on the RD-TD and TD-TT planes for the AZ31B sample. This suggests that the
microstructure and chemical composition was homogenized after the heat treatment. It
should be noted that for AM30 the microhardness observed for the ED-TT plane was
slightly higher than that of the ED-TD and TD-TT planes, where there was no significant
difference in microhardness between the latter two planes. This suggests that the ED-TT
plane may have a slight crystallographic texture versus the other two planes, which would
be consistent with the slightly elongated grains observed in Figure 4.4. However, the

grain size difference through thickness did not significantly affect the microhardness. The
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AMG60B die-casted skin was harder than the interior because of the higher Al

concentration, higher B-phase fraction and smaller grain size.
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Figure 4.7 Microhardness test results.
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4.1.3 XRD Texture Analysis

A texture analysis was carried out using a 2D Bruker X-Ray Diffraction (XRD)
goniometer with Cu Ka radiation on the three orthogonal planes of the as-extruded
AM30 specimen. A sample of AM30 was sectioned to a 1x1x1 cm cube using a precision
cutting machine at 0.005 mm/s with water cooling in order to minimize cold working.
Figure 4.8 defines the sample directions S1, S2 and S3. The diffracting surface remained
normal to S3 for the entire test. For the ED-TD plane, the extrusion direction (ED) was
aligned parallel to S2 and the transverse direction (TD) to S1; for the ED-TT plane, ED
was aligned to S2 and the through thickness direction (TT) to S1; for the TD-TT plane,
TT was aligned to S2 and TD to S1. Sample orientation was determined by the rotation

angles o, ¢ and v, as shown in Figure 4.8.

A 2D multiple scan was applied on each plane to cover a sufficient number of pole figure
angles. Two ¢ scans were performed, in which ¢ was varied from 0° to 357.5° with a scan
step of 2.5° at constant ® angle of 170° and 152°, respectively. In addition three o scans
were carried out, in which o was varied from 132.5° to 170° with a scan step of 2.5° at
constant @ of 0°, 120° and 240°, respectively. In all cases, y was fixed at 54.7°. The

texture data was processed using GADDS software.
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Figure 4.8 XRD diffractometer configuration [67].

4.2 Corrosion Tests

4.2.1 Sample Preparation

All samples were sectioned using a precision cutting machine at a speed of 0.005 mm/s
with water cooling. The sample surface area was then measured using digital callipers.
Figure 4.9 illustrates the sample preparation procedure for the electrochemical
experiment. Step 1: double sided tape was placed on the test surface of the sample to stick
the sample to the bottom cover of the mould. The tape was required to be large enough to
cover the sample surface. Step 2: a piece of Cu tape was used to stick a Cu wire on the

back of the sample. Step 3: cold-mounting epoxy was poured into a 1.25” 1.D plastic
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mould containing the assembly from steps 1 and 2. The samples were allowed to set for at
least 8 h to ensure proper curing of the epoxy. Step 4: after removing the cold mounted
samples from the mould, the double side tape was removed from the sample surface. For
samples in which the alloy skin was tested, the skin surface was cleaned using acetone to
remove any glue residue originating from the tape. For other samples, the surfaces were
ground using 1200 grit SiC paper with ethanol (100%) as a lubricant. The samples were
dried in a cold air stream immediately after the grinding process. Step 5: a conventional
multi-meter was used to check electrical continuity between the wire and sample surface.
To minimize experimental error, the resistance of the samples used in this study was
controlled to 10 Q or less. Step 6: a plastic straw was glued on the back of the sample to

cover the wire.
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Cu Wire

Double Side Tape Mg Alloy

Bottom Cover of Mold

Step 1: Stick sample Step 2: Install wire on sample

Step 5: Test electrical conductivity Step 6: Install plastic straw

Figure 4.9 Sample preparation procedure for electrochemical experiments.
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4.2.2 Electrochemical Test Setup

A three-electrode corrosion cell which included a reference electrode (RE), working
electrode (WE) and auxiliary electrode (AE), as shown in Figure 4.10, was used for all
electrochemical corrosion tests. The cell had a capacity of 1000 mL. The WE, which was
the test specimen, was centrally located in the test cell such that the exposed surface was
facing the AE, which was a graphite rod for all experiments. A Saturated Calomel
Electrode (SCE), in a salt bridge filled with saturated KCI, was used as the RE for all tests.
This electrode was placed approximately 1-2 mm from the WE surface to minimize
Ohmic electrolyte resistance. All electrochemical tests were conducted at room
temperature using either an EG&G Princeton 273 or a GAMRY Reference 600
potentiostat. The RE was always calibrated against a standard RE in saturated KCI before
testing. Any potential difference observed was used to correct the experimental data.

However, if the potential difference was more than + 20 mV, the RE was changed.
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(SCE)
Salt Bridge
(Sa\t/rvngle) Solution

Figure 4.10 Image of electrochemical experiment set-up.

4.2.3 Cyclic Polarization Tests

To characterize the passivation breakdown and repassivation behaviour of MFERD Mg
alloys, cyclic polarization tests were carried out in a mildly aggressive corrosion solution.
The solution used was the cyclic salt spray solution described in the GM9540P standard.
It consists of 0.9 wt % sodium chloride (NaCl), 0.1 wt % calcium chloride (CaCl,) and
0.25 wt % sodium bicarbonate (NaHCO3) dissolved into distill water. The as-mixed pH
was approximately 7.9. The sample surface was pre-exposed to the GM9540P solution for
1 h prior to cyclic polarization testing. The Ecor Was monitored during this exposure.
Forward potentiodynamic polarization scans started at a cathodic potential of -0.25 V vs.
Ecor and were stopped at an anodic potential of +0.5 V vs. Eq. The scan was then
reversed until it intersected the forward curve. The scan rate was 1 mV/s and the step size
was 5 mV. This test was repeated four times for each sample. Due to the homogeneous

microstructure of AZ31B after heat treatment, the AZ31B RD-TD plane was chosen for
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this test. However, since the as-cast AM60B had the skin effect and the as-extruded
AM30 had a weak preferred crystallographic orientation, the as-cast AM60B-AR (skin),

AMG60B-MP (interior) and all three planes of the as-extruded AM30 were tested.

4.2.4 Potentiostatic Test

Potentiostatic polarization tests were carried out on all alloys in the GM9540P solution to
compare current density transients under different electrochemical polarization
conditions. After 1 h of pre-exposure, anodic potentiostatic polarization was applied at
100 mV below E, and 100 mV above E,. This can ensure the tested samples in the
relative passive state and in the active state, respectively. At an applied potential below
Ep, all samples were held for 2 h. Because the thin AZ31B and AM60B sheet would
suffer rapidly anodic dissolution at an applied potential above Ejp, all samples tested in
this condition were held for 0.5 h only. Cathodic potentiostatic polarization was applied at
-1.8 mVsce for 2 h. This potential was chosen from the linear portion of the polarization
curve used for cathodic Tafel extrapolation. At this potential, the anodic current density is
insignificant related to the cathodic current density, and the cathodic process is activation

controlled.

Upon completion of the anodic potentiostatic polarization tests, samples were sectioned
perpendicular to the exposed surface and cold mounted using epoxy resin to compare the
surface morphology. Sample mounts were prepared in a similar manner to that described

in section 4.1.2.
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4.2.5 Linear Potentiodynamic Polarization Test

In order to characterize the influence of crystallographic texture on the short- and long-
term corrosion resistance, the ED-TD, ED-TT and TD-TT planes of the extruded AM30
bar were pre-exposed in a 0.01 M (NaCl) solution for 1 h, 3 days, 5 days and 7 days,
respectively. Following this, a linear potentiodynamic polarization scan was carried out

from -0.25 V to +0.5 V vs. E¢or Using a scan rate of 0.166 mV/s.

4.2.6 Linear Polarization Resistance Tests (LPR)

The LPR test combined with the potentiodynamic polarization test was used to
systematically characterize the crystallographic texture effect on electrochemical
behaviour for the AM30 alloy. All tests were done in a 0.01 M (NaCl) solution. The scan

started from -0.05 V to +0.05 V vs. E¢qr Using a scan rate of 1 mV/s.

The expected corrosion current density, icr, Can be calculated from the measured
polarization resistance (Rp) using Equations (4-1) and (4-2)

logR, =log B -logi (4-1)

corr

Where,

__ BB

B= (4-2)
2.3(8,+ B.)

is a proportionality constant. B contains approximate absolute values of the cathodic

Tafel constant (Bc)= 0.12 mV/decade, and the anodic Tafel constant ()= 0.12
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mV/decade. These values were determined by considering the results from linear
potentiodynamic polarization tests in 0.01 M (NaCl) solutions. The error in the calculated

corrosion rate was negligible for different Tafel constants [68].
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Chapter 5. Results

5.1 Influence of Crystallographic Orientation on the Corrosion Resistance of

Extruded AM30

5.1.1 Crystallographic Texture

Figure 5.1 presents the (0002) pole figures for extruded AM30 for the ED-TD, ED-TT
and TT-TD planes. It should be noted that the diffraction intensities in Figure 5.1 are
plotted with the same intensity scale. The results show large radial and azimuthal
distributions with a relatively high peak intensity of the basal plane for all three planes.
This indicates that there was no strong preferential crystallographic orientation for either
of the two extrusion surfaces, ED-TD and ED-TT, or the cross-section surface, TT-TD.
However, it should be noted that the TT-TD surface (Figure 5.1(c)) did show a slightly

stronger (0002) texture than was exhibited for the other planes.
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Figure 5.1 Pole figure of extruded AM30.

5.1.2 Cyclic Potentiodynamic Polarization Test Results

Figure 5.2 shows the cyclic potentiodynamic polarization curves for AM30 for the three
sample planes. These curves showed a very similar shape indicating similar cathodic and
anodic polarization behaviours for these surfaces. The cathodic branches overlapped each
other, attaining a similar Ecor. In the forward anodic polarization scans, the curves all
showed passivation behaviour. The current density then dramatically increased at the
critical potential, suggesting passivity breakdown. This critical potential was defined as

the breakdown potential, E, The reverse anodic branch followed a hysteresis loop and
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intersected with the forward anodic branch at a more noble potential between E¢.r and Ejp, .

This potential was defined as the repassivation potential, Ep.

The polarization curves did not exhibit Tafel behaviour in the anodic branch. For this
reason, the cathodic Tafel extrapolation method was used to determine some critical
electrochemical parameters. Ecor, Ep and E;, were measured directly from the curves. One
decade of linear cathodic current density, -50 mV versus Ecqr, Was used to extrapolate the
Tafel line. The slope of this Tafel line was defined as the cathodic Tafel slope, .. The
value of the current density at the intersection of the Tafel line and Eco defined the
corrosion current density, icor. The cathodic reaction was mainly the hydrogen reduction

reaction. The pH of the GM9540P solution was 7.68 and, therefore, the half-cell potential

for the hydrogen cathodic reaction, €, ., was calculated as -0.694 Vsce using the Nernst

equation. Further extrapolation of the cathodic Tafel line to €y, defined the cathodic

exchange current density, ioc.
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Figure 5.2 Cyclic polarization curves of AM30 for the different extrusion planes in the
GM9540P solution.

For each plane, all cyclic polarization tests were repeated four times. The average values
of these electrochemical parameters from these repeated experiments are shown in Table
5.1. An inspection of Table 5.1 will show that the electrochemical parameters were
similar to each other considering experimental error and errors associated with the manual
Tafel extrapolation. For example, the maximum difference for Ecor, Ep and Er, were 20
MVsce, 10 mMVscg, and 20 mVscg, respectively. Due to the scan step size of 5 mV, these
differences are considered to be negligible. From this data, it can be concluded that the
three sample planes exhibited the same corrosion, passivity breakdown and repassivation
behaviours. For example, the E, were approximately 240 mV more noble than the Ecor
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for all sample planes. Also, the E;, were approximately 110 mV more noble than Ec, and
120mV more negative than E, for all sample planes. This suggests that no pitting
occurred on the three AM30 planes after one hour immersion under the Open Circuit
Potential (OCP) condition. Corrosion current densities measured on all exposed planes
were within the same order of magnitude. This suggests that they corroded at the same
rate in this solution. Additionally, the same order of magnitude for the cathodic exchange
current density indicates a similar hydrogen evolution rate. These two kinetic parameters
tend to confirm that there was no significant difference of corrosion resistance between

the AM30 extrusion planes.
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Table 5.1 Electrochemical Parameters Extrapolated from Cyclic Polarization Test in
GM9540P Solution at Room Temperature for the Three Extruded AM30 Planes.

Plane Seorr = r BC icorr io,c
(Vsce) | (Vsce) | (Vsce) | (Videc.) | (Alem?) | (Alem?)
ED-TD | -166 | -1.42 | -1.54 | 0213 |10.2x10*|8.8x10?°
ED-TT| -164 | -141 | -153 | 0213 | 86x10" |6.7x 107
TD-TT| -166 | -1.41 | -1.55 | 0205 | 9.3x10* [1.9x10°

5.1.3 Anodic Potentiostatic Test Results

Figure 5.3 presents the anodic current density transient recorded for a constant applied
potential 100mV above E, and below Ey, respectively, for the three planes of extruded
AM30 in the GM9540P solution. At the applied potential 100mV below E, the initial
anodic current density for each plane increased rapidly. After reaching a maximum value,
the current density exhibited a sharp decrease which then decayed at a very slow rate. The
current density of each plane measured at steady state was within the same order of
magnitude for all sample planes. However, at the applied potential 200mV above Ey, the
current density increased rapidly until it attained a plateau value. The steady state current
density for each plane was within one order of magnitude. For all sample planes, the
anodic current density at the applied potential 200mV above E, was at least one order of

magnitude higher than that at the applied potential below Ep,.

Figure 5.4 shows the surface morphology after anodic potentiostatic tests in the
GM9540P solution. At the applied potential 100mV below E;, the surface was dull
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compared to the initial surface but still smooth. This indicates that no localized corrosion
occurred. By contrast, at the applied potential 100mV above E,, a rough surface was
observed on each plane which suggests that localized corrosion occurred. Figure 5.5
presents a cross-sectional view of the surface morphology at higher magnification. The
localized corrosion damage seems to have spread widely throughout the overall surface
instead of penetrating deeply. This suggests that the same corrosion mode was observed
on the three planes under the same test conditions. At the applied potential 200mV below
Ep, the surface was very smooth and covered with a film. This film was not evenly
distributed and contained some defect sites. This may be a result of drying process after
removing the samples from the aqueous solution. Although the film exhibited some
defect sites, it still provided protection compared to the bare substrate directly exposed to
the corrosive environment. In contrast, at the applied potential 200mV above E;, pitting

attack was observed on all sample planes.
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Figure 5.3 Anodic current density transient in GM9540P solution at an applied potential
100mV below E, and above E;, on the three AM30 extrusion planes.
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Below Ej Above Ep

Figure 5.4 Surface morphology of AM30 after anodic potentiostatic tests at an applied
potential 100mV below and above E;, in room temperature GM9540P solution.
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Below Ey Above Ep

Figure 5.5 Light optical microscopy images of sample surfaces of AM30, in cross-
section view, after anodic potentiostatic test at an applied potential 200mV below and
above Ep in room temperature GM9540P solution.
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5.1.4 Influence of Exposure Time Results

Figure 5.6 shows the linear potentiodynamic polarization tests performed on the three
planes of AM30 after immersion in 0.01 M NaCl solution for 3, 5 and 7 days,
respectively. To compare with the short term corrosion behaviour, the three planes were
also tested after 1 hour immersion in the same solution under the same experimental
conditions. The three planes exhibited similar general anodic and cathodic polarization
behaviour. This was evident from the sharp anodic passivity breakdown behaviour above
Ecorr and the overlapping cathodic branches with similar cathodic Tafel slopes exhibited
by all samples. The anodic E, observed on the polarization curves after a 1 hour
immersion were more difficult to determine due to the relatively smooth curvature
compared with those measured after long term immersion. The E, for the 1 hour
immersion tests was determined by finding the highest current density change after the
linear region. The results suggest that the passive film formed on AM30 after 1 hour
immersion was less stable compared with that after long term immersion (3, 5, 7 days).
For the same immersion time, the Ecor exhibited for all three planes were similar, except
the ED-TD plane after immersion for 7 days, which showed a slightly higher Ecq than
the other two planes. This may have been caused by the low electric conductivity of the

0.01 M NacCl solution.

Table 5.2 shows the electrochemical parameters extrapolated from the linear
potentiodynamic polarization tests using the same cathodic Tafel extrapolation method as

described in Section 5.1.1. The cathodic exchange current density was measured at the
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hydrogen half cell potential €4, which was -0.654 Vsce in a solution with a pH of 7. In

general, all the parameters for long term immersion (3 days, 5 days, 7 days) were similar
for each plane and exposure time. However, the parameters were approximately 100 mV
more noble than the average Ecor, 100 mV more noble than the average E, and 10 times
less than the average corrosion rate as compared to those for the short term pre-exposed
(1 hour) surfaces. In addition, the hydrogen cathodic reaction exchange current density
for each test was within one order of magnitude. Given the same immersion time, each
plane showed similar corrosion resistance. The E.or and Ey, for the three planes varied by
less than 50 mV, the corrosion rates were within one order of magnitude and the cathodic
current densities were within two orders of magnitude for all samples. Moreover, the
group of samples subjected to immersion for 5 days showed a maximum difference of
90 mV in E, and the ED-TD plane immersed for 7 days had an E,r 40 mV higher than
the other two planes. The overall trend provides evidence that these differences could be

attributed to experimental error.
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Figure 5.6 Linear potentiodynamic polarization curves for AM30 three planes after (a) 1
h,(b)3d,(c)5d, (d)7dimmersion in room temperature 0.01 M NaCl solution.
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Table 5.2 Electrochemical Parameters Extrapolated from Linear Potentiodynamic
Polarization Tests in Room Temperature 0.01 M NaCl Solution for Extruded AM30 Pre-
Exposed for 1 h,3d,5dand 7 d.

Pre-expose Plane ECOI’I’ Eb ﬁc icorr iO,c

Time (Vsce) | (Vsce) | (V/dec.) | (Alem?) ( Alcm?)
ED-TD | -1.48 | -1.40 0.095 18.3 x 10°° 4.4 x 1018

1h ED-TT | -1.46 | -1.36 0.092 11.7 x 10°® 1.9 x 1076
TD-TT | -1.48 | -1.34 0.094 13.0 x 10°® 2.2x10°

ED-TD | -1.38 | -1.25 0.089 2.4 x10° 1.5x 10716

3d ED-TT | -1.39 | -1.25 0.089 2.8x10° 1.3 x 101
TD-TT | -1.40 | -1.27 0.086 2.6 x10° 0.6 x 1076

ED-TD | -1.37 | -1.22 0.089 2.1x10° 1.8 x 1076

5d ED-TT | -1.37 | -1.27 0.088 1.6 x 10 1.3x 107
TD-TT | -1.36 | -1.31 0.089 1.3x10° 2.9x 101

ED-TD | -1.33 | -1.27 0.091 1.1 x 10 4.1 %1078

7d ED-TT | -1.36 | -1.26 0.088 1.5x10° 1.4 x 1076
TD-TT | -1.37 | -1.30 0.089 1.7 x10°® 1.0 x 10716

Figure 5.7 shows the results of the linear polarization resistance test for the three AM30
planes in the 0.01 M NaCl solution. The E¢or and polarization resistance were measured
after 1, 4, 5, 6, 7 and 8 days, respectively. The corrosion rate was calculated using
polarization resistance and the estimated Tafel constants, as described in Section 4.2.6.

For these three planes, there was no significant difference between the corrosion
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resistances for eight days because the maximum difference of E,r measured at the same
pre-exposed period was within 50 mV and the corrosion rates were within one order of
magnitude. These results were consistent with the linear potential dynamic polarization

test in the 0.01 M NaCl solution and the cyclic potentiodynamic test in the GM9540P

solution.
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Figure 5.7 Liner polarization resistance test on extruded AM30 planes in 0.01 M NaCl
solution at room temperature as a function of time.

5.2 Relative Corrosion Behaviour of Mg-Al Alloys

5.2.1 Cyclic Potential Test Results

The as-received skin surface (AR) for the extruded AM30 and die-cast AM60B were
carefully conserved to compare their microstructures with those of their interior. The
interior was exposed by mechanical polishing (MP) to remove the skin layer. AZ31B

after heat treatment showed no differences in microstructure between the skin and
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interior. Thus, only the MP surface of AZ31B was tested to compare with the other Mg

alloys.

Figure 5.8 shows the cyclic potentiodynamic polarization curves for the MFERD alloys
measured in the GM9540P solution at room temperature after one hour of immersion. In
general, all exposed surfaces showed anodic passivity breakdown and repassivation
behaviour in this solution. This was recognized as the previously discussed Ey above Ecor
and the hysteresis loop of the reverse anodic polarization branch. Although the AM30
skin layer contained coarse grains, the shape of its anodic and cathodic polarization
curves did not show a significant difference with its interior as shown in Figure 5.8(a).
Both the AR and MP surfaces exhibited similar Ecor, E» and E,,. However, the AM60B
skin showed a remarkable difference in anodic cyclic polarization behaviour versus its
interior as shown in Figure 5.8(b). The AM60B skin displayed a higher E.o and lower
anodic current density just below E, compared with its interior. After reaching the same
Ep, both AR and MP surfaces exhibited the same forward and reverse anodic polarization
behaviour and ended at the same E,,. The E,, of the AR surface was the same as its Ecor,
while the E,, of the MP surface was below its Ecqr. Cyclic polarization curves of the MP
surfaces for AZ31B, AM30 and AM60B are compared in Figure 5.8(c). AM30 and
AZ31B showed approximately the same polarization behaviour, which was in turn
significantly different from the behaviour of AM60B. Significantly higher anodic current
densities were observed for both AM30 and AZ31B compared with that of AMG60B.

Furthermore, both the E, and E;, of AM30 and AZ31B were above their Ecor, Whereas
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AMG60B showed similar E;, and Ecor. Nevertheless, all MP surfaces of AM30, AZ31B

and AM60B exhibited similar E, and Eyp,.

Table 5.3 presents the electrochemical parameters extrapolated from Figure 5.8 using the
same cathodic Tafel extrapolation method as described in section 5.1.1. AM60B-MP had
an Ecor 100 mV more noble and a corrosion current density one order of magnitude less
than both AM30-MP and AZ31B-MP, which exhibited similar E. and corrosion current
densities. The maximum difference of E, measured for AZ31B-MP, AM30-MP and
AMG60B-MP was 30 mV, which is negligible. The cathodic exchange current density
exhibited on each surface condition was within a factor of 3.6, with the exception of
AMG60B-AR, which had a cathodic exchange current density a factor of 6.4 lower than
AMG60B-MP. There was no significant difference in the parameters for the MP and AR
surfaces of AM30. However, the AM60B skin showed an Ec,r 60 mV more noble and

lower cathodic Tafel slope than its interior.
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Figure 5.8 Cyclic potentiodynamic polarization curves for MP and AR surface of (a)
AM30, (b) AM60B and (c) MP surface of AZ31B, AM30, AM60B. Experiments were
done in room temperature GM9540P solution after 1 h immersion.
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Table 5.3 Electrochemical Parameters Extrapolated from Cyclic Potentiodynamic
Polarization Test in Room Temperature GM9540P Solution.

Ecorr Eb Er Bc lcorr loc

Alloy ) )
(Vsce) | (Vsce) | (Vsce) | (V/dec.) | (A/cm?) (Alcm?)

AMB30-AR -1.63 -1.46 -1.52 0.202 10.7 x 10" | 22.8 x 10°°

AM30-MP -1.66 -1.42 -1.54 0.213 10.2x10% | 11.6 x 107

AZ31B-MP -1.66 -1.43 -1.52 0.215 11.4 x 10" | 24.7 x 10°

AMG60B-AR | -1.50 -1.41 -1.57 0.180 1.6x10% | 58x107

AMG60B-MP | -1.56 -1.40 -1.58 0.218 3.7x10* | 41.2x10?

5.2.2 Anodic Potentiostatic Test Results

Figure 5.9 illustrates the anodic current density transit for the MP surface of AZ31B,
AM30, AM60B and the AR surface of AMG60B in GM9540P solution at room
temperature at an applied potential 100mV above E;, and below Ey, respectively. Due to
the negligible difference of anodic polarization behaviour between AM30-AR and AM30-
MP, the anodic potentiostatic test was not applied to AM30-AR. Moreover, no test was
applied to the AM60B-AR surface at an applied potential 100mV below Ey because there

was only a 90 mV difference between E, and E.,r for AM60B-AR.

At the applied potential 200mV below Ey, the initial anodic current density for each plane
increased rapidly. After reaching a maximum value, the current density exhibited a sharp
decrease and then reached a plateau. However, at an applied potential 200mV above Ey,

the current density increased rapidly to a steady state value. The current density measured
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at an applied potential 100mV above E, for each alloy was at least one order of
magnitude higher than that measured at an applied potential 100mV below E,. It should

be noted that AM60B-MP displayed a lower current density than AZ31B-MP and AM30-

MP for applied potentials 100mV above and below Ej,.
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Figure 5.9 Anodic current density transit for MP surface of AZ31B, AM30, AM60B and
for AR surface of AM60B in GM9540P solution at room temperature for applied
potential 100mV above and below E,,.

Figure 5.10 compares the surface morphology after the anodic potentiostatic tests in room
temperature GM9540P solution. At an applied potential 200mV below Ey, the surface was

dull but macroscopically smooth. This indicates that no localized corrosion occurred. By
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contrast, at an applied potential 100mV above Ey, a rough surface was observed for all
exposed surfaces, which suggests that localized corrosion occurred on these surfaces. In
addition, this localized corrosion damage seemed to spread widely throughout the overall

surface instead of penetrating deeply.

Figure 5.11 presents cross-sectional images of the surface morphology. At an applied

potential 100mV below Ej, the surface was smooth. However, at an applied potential

100mV above Ey, pitting attack was observed on all alloys.
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AMG60B-MP

Figure 5.10 Surface morphology after anodic potentiostatic tests at applied potential
100mV below and above Ej;, in room temperature GM9540P solution.
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AMG60B-AR

Figure 5.11 Light optical microscopy images of surface, in cross-section view, after
anodic potentiostatic test 100mV below and above E, in room temperature GM9540P
solution.
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5.2.3 Cathodic Potentiostatic Test Results

Figure 5.12 shows the cathodic current density transient for the MP surfaces of the three
experimental Mg alloys and the AR surface of AM60B at -1.80 Vsce in room temperature
GM9540P solution. The cathodic current density transient curve of AM60B-AR showed
a slight decay after rapidly reaching its maximum value in the initial stage. The remaining
alloy surfaces showed a smooth transition curve from the rapidly increasing initial stage
to a steady state value. The final constant current densities exhibited on all alloy surfaces

were within the same order of magnitude.
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Figure 5.12 Cathodic current density transient at -1.80 Vsce in room temperature
GM9540P solution.
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Chapter 6. Discussion

6.1 Comparative Corrosion Behaviour of Mg-Al Alloys

The first significant finding of this research is that all of the MFERD magnesium alloys
studied exhibited similar breakdown potentials (Ep) above the corrosion potential (Ecorr) in
room temperature GM9540P solution after aging 1 hour, regardless of differences in alloy
chemical composition or microstructure. This is shown in Figure 5.8 and Table 5.3,
suggesting that the corrosion behaviour of all the MFERD alloys transitioned from a state
of partial passivation to a state of localized corrosion at the same applied potential. A
summary and discussion of the corrosion mechanisms at applied potentials 100 mV below
E, and above E, will be presented below to elucidate the influence of microstructural
parameters (e,g, a-phase, B-phase, Al-Mn intermetallic particles, skin effect) and
environmental factors (solution concentration, applied potential) on MFERD magnesium

alloy corrosion resistance.

6.1.1 Corrosion Behaviour Below Ej

At an applied potential 100 mV below Ep, the corrosion morphology was relatively
smooth, without any significant localized corrosion attack (Figure 5.4, Figure 5.5 and
Figure 5.11). This indicates that the alloys were protected by a surface film. It has been
widely reported that this surface film contains defects and only provides limited

protection to the substrate [6-7, 15, 49, 57-58, 61].
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A comparison of the corrosion current density (icorr) extracted from the potentiodynamic
polarization curves at Ec (Table 5.3) suggests that there was a meaningful difference
between the corrosion resistance of the three Mg alloys. In this study the cathodic Tafel
slope was determined manually using the cathodic polarization curve, i.e. 50 mV below
Ecor With one decade of current density range. It is recognized that using this method
introduces an error in the value of the extrapolated icor by a factor of 5 to 10 [47]. Further
extrapolation of the cathodic Tafel line to the cathodic half-cell potential will amplify the
error due to the logarithmic nature of the current density axis. Thus, a difference in icor
and i, within one order of magnitude is likely insignificant. Although AM60B-MP had
an igor Of a factor of 3 less than AZ31B-MP and AM30-MP, the anodic potentiostatic
plots at -100 mV vs E indicate that AM60B-MP indeed exhibited a lower anodic
dissolution rate than AZ31B-MP and AM30-MP (Figure 5.9). This gives confidence to
claim that the AM60B-MP surface had a better corrosion resistance than AZ31B-MP and
AM30-MP. By contrast, there was no significant differences in the i and anodic
potentiostatic plots were observed for AZ31B-MP and AM30-MP. Thus, the relative
ranking of corrosion resistance for the MP surfaces, at Ecyr, In room temperature
GM9540P solution is given by:
AMG60B > AM30~ AZ31B

This ranking agrees with the claim that increasing alloy Al content reduces the corrosion
rate of Mg-Al alloys [15, 24, 42, 49, 56, 58]. In addition, it confirms the argument that an
alloy Zn content of less than 3 wt % does not significantly affect the corrosion rate of

Mg-Al alloys [50, 60].
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The magnesium cathodic half-cell reaction is hydrogen evolution. It is believed that this
cathodic process occurs at the interface between the film and the solution rather than on
the metallic substrate [23-24]. Due to the n-type semiconducting properties of the surface
film formed on Mg alloys [49, 69], it contains excess negative charge carriers which
results in easy electron transfer through the surface film to react with protons in the
solution [24, 42]. The cathodic exchange current density (ioc), a fundamental kinetic
parameter, is strongly affected by the nature of the surface on which the hydrogen
evolution reaction occurs. In this study, all MP surfaces exhibited an i, within one order
of magnitude and similar cathodic Tafel constants (f¢, Table 5.3). In addition, the similar
steady state cathodic current density (Figure 5.12) confirmed that all MP surface
exhibited similar cathodic kinetics. This suggests that the outer layer of the surface films

formed on these Mg alloys was of similar chemical composition and structure.

Recent research on the surface film formed on Mg-Al alloys in a mildly aggressive
solution shows that it comprises two layers [15, 18]. The outer layer of the surface film is
formed by a precipitation reaction [15] and is largely composed of Mg(OH),-MgCO3 with
a low Al/Mg ratio [18] . The inner layer of the surface film is the native film formed due
to atmospheric exposure [15] and mainly consists of MgO-Mg(OH), with a high Al/Mg
ratio [15, 18]. As shown above, the presence of the -phase in AM60B (Figure 4.7) and
the 1 wt % solute (Zn) content difference between AZ31B and AM30 (Table 4.1) did not

strongly affect the electrochemical properties of the outer surface layer in the present
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study (Table 5.3). For this reason, the cathodic reaction was independent of any substrate
metallurgical factors. The cathodic steady-state current density transients exhibited by all
exposed MP surfaces were similar at the applied potential of -1.8 Vsce (Figure 5.12). This
confirms that the microstructure of Mg alloys did not have a significant influence on
cathodic kinetics. However, the AM60B-MP surface exhibited a higher Ego than that
measured for either AZ31B-MP or AM30-MP (Table 5.3). According to the Nernst
equation, the open circuit cathodic half-cell potential, e, ¢, should be the same because the
samples were tested in the same solution (pH is constant). A more positive Ecor Will
reduce the cathodic current density due to the reduced overvoltage of the cathodic
reaction, as shown in Figure 6.1. Hence, the hydrogen evolution rate for AM60B-MP was
less than that of either AZ31B-MP or AM30-MP for the open circuit condition. It is
consistent with the extrapolated icor, Which indicates the AM60B-MP exhibited a lower

corrosion rate than AZ31B-MP and AM30-MP.
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Figure 6.1 Reduced cathodic polarization occurs on AM60B due to the more positive Ecor.

In contrast to the cathodic process, charge transfer for the anodic reaction occurs at the
interface between the metal surface and surface film. It was observed that the anodic
Tafel slopes from the anodic polarization curves 100 mV below Ey for all the alloys were
remarkably high but did not tend to infinity (Figure 5.8). This provides direct evidence
that the anodic dissolution process was not activation controlled, but was mass transport
controlled. For activation controlled kinetics, anodic dissolution activity is related to the
electrochemical properties of the base metal. According to the Electromotive Force (emf)
Series, Al and Zn are electrochemically more noble than Mg. Song et al [24]
experimentally confirmed that the Al-rich B-phase had a more noble E¢q than the a-Mg

matrix. These chemical composition and microstructure variables will certainly have a
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strong influence on the anodic dissolution reaction. For mass transport controlled kinetics,
there are two steps: mass diffusion through the surface film and through the
electrochemical double layer between the solution and surface film [68]. Baril et al [4]
experimentally confirmed that the influence of solution agitation on the polarization
behaviour of pure Mg was negligible, which indicated that mass transport from the
surface to the solution did not play a major role in controlling the overall mass transport
process. However, it has be shown that limited ionic mobility in the passive film restricts
the mass transport process of Mg?* through the surface film [49]. Thus, the chemistry
and structure of the surface film could be critical factors influencing the overall mass
transport process and consequently affecting the anodic dissolution rate of the Mg-Al
alloys. Understanding the influence of the bulk material and environment on the
electrochemical process through the film will be of great help in understanding the
corrosion resistance of Mg-Al alloys in the partially passive state. Furthermore, the
corrosion behaviour of Mg alloys at potentials 100 mV below Ey is controlled by the
anodic half-cell reaction rather than cathodic half-cell reaction. This is consistent with

the reported literature [4, 49].

The improved corrosion resistance of AM60B-MP at the applied potential of —100 mV
versus E, (Figure 5.9) is due to the improved surface film. Nordlien et. al [15] reported
that increasing the alloy Al content could increase the Al content of the surface film. Due

to the n-type semiconductor property of the surface film, a higher-valence addition (AI**)
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can decrease Mg®" diffusivity [68] and consequently improve the corrosion resistance of

the Mg alloy by reduced mass transport.

Song et al [24] reported that the presence of 1 wt % Zn in the a-Mg matrix did not affect
the protective properties of the surface film. In this study, a comparison of the corrosion
kinetic parameters (Table 5.3) and the potentiostatic plot (Figure 5.9) for AZ31B-MP and
AM30-MP confirmed that the addition of 1 wt % Zn did not have a significant influence

on the corrosion resistance of Mg-Al alloys at an open circuit potential below Ey.

The Ecor for the dual-phase AM60B-MP was measured to be approximately 160 mV
more noble versus AZ31B-MP and AM30-MP (Table 5.3). This result was consistent
with the widely accepted theory that increased alloy Al content increases Ecor [24, 56-58].
However, all of the Mg-Al alloys exhibited a similar E, (Table 5.3). As a consequence,
the more positive E.qr exhibited by AM60B-MP reduced the difference between E¢or and
Ep and increased the risk of localized corrosion. This finding leads to a redefinition of the
role played by Al which has two opposite effects on Mg alloy corrosion resistance at
potentials below Ey, which in the present case is a. reduction in the anodic dissolution rate
while increasing the risk of localized corrosion. Thus, AM60B-MP exhibited a lower
corrosion rate than AZ31B-MP and AM30-MP, but likely has more of a risk of localized

corrosion.
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6.1.2 Corrosion Behaviour Above E,

At the applied potential +100 mV versus Ep, the steady-state anodic current density
transient was at least one order of magnitude higher than that recorded at —100 mV versus
Ey (Figure 5.9). Considering the observed pit-like localized corrosion attack (Figure 5.11)
and observed rough corrosion surface (Figure 5.10), it is indicated that the surface film
broke down at some weak sites and caused a dramatic increase in the anodic current

density due to localized corrosion occurring on film-free areas.

In this study, the observed E;, exhibited by all of the MFERD alloys in room temperature
GMO9540P solution was similar (Table 5.3). This suggests that a common factor
controlled the surface film breakdown process. Possible factors could be second phases
[42-43, 57-59], the chemical composition of the a-Mg matrix [5], aggressive anions in the
solution (in this case CI™) [19-20, 69] or the composition and microstructure of the surface

film [42].

It has been reported that second phases in Mg-Al alloys could be effective micro-cathodes
between the second phases and the a-Mg matrix [42-44, 58-59]. This micro-galvanic
activity could drive localized passivity breakdown at flaws in the surface film adjacent to
the second phase. However, in this study, the observed randomly distributed and
relatively deep pits on either dual phase alloy, AM60B (Figure 5.11), or single phase
alloys, AM30 (Figure 5.5) and AZ31B (Figure 5.11), indicate that AM60B-MP did not

exhibit preferential corrosion attack of the a-Mg matrix at potentials +100 mV versus Ep
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(Figure 5.11). Both single phase Mg-Al alloys (AZ31B-MP and AM30-MP: a-Mg) and
the dual phase alloy (AM60B-MP: a-Mg + B-Mgi7Al12) exhibited comparable E, (Table
5.3). This indicates that the presence of B-phase did not strongly affect passive film
breakdown. In addition, there was no preferential corrosion attack around the Al-Mn
intermetallic particles from either corroded surfaces (Figure 5.4 and Figure 5.10) or from
the cross-sectional views of the corroded surfaces (Figure 5.5 and Figure 5.11). This
suggests that the Al-Mn intermetallics did not have a strong influence on the passive film
breakdown process. This latter observation agrees with the work of Merino et al [31],
who found that Al-Mn particles only affected the initial stages of passive film breakdown.
In addition, the same E, measurement for all the Mg alloys suggests that 1wt % Zn did
not strongly affect the surface film breakdown process since it was only present in

AZ31B-MP.

From the above discussion, it can be concluded that the described compositional factors —
e.g B-phase, Al-Mn intermetallics, solute Zn or Al in the a-Mg matrix — did not affect the
passive film breakdown. The presence of an aggressive anion in solution, such as CI,

however, may play a critical role in the breakdown of the surface film.

When the anodic potential is increased, anions in the solution, such as CI, OH", or
HCOs", will be adsorbed onto the surface. As a result, anion migration may be a critical
factor controlling surface film formation and breakdown. CI" can penetrate into the film

through defect sites to react with metal cations at the metal/film interface to form
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magnesium-hydroxyl-chloride compounds [13]. It is also known that the COs* ion is
effective in retarding Mg dissolution by inhibiting mass diffusion from the metal/oxide
interface to the oxide/solution interface due to the formation of an insoluble Mg(OH),-
MgCOg; layer [15, 18]. This suggests that CI', HCO3 and OH™ will compete with each
other for adsorption on the oxide surface, which is in turn, is dependent on their
concentration in the solution. In this study, the same CI™ containing solution (GM9540P)
was used for all tests, thereby, providing a common electrochemical environment for the
surface film breakdown process. According to the stress-rupture film breakdown
mechanism [5, 61, 70], growth of CI" containing particles can generate osmotic stresses at
the metal/oxide interface and in the barrier layer because their Pilling-Bedworth ratio is
greater than 1. Thus, continuing film growth leads to local fracture of the barrier layer [13,
31, 61]. The growth of the surface film was interrupted by film breakdown when the

applied potential reached Ej [5].

Based on the anodic cyclic polarization curves (Figure 5.8(c)), all MP surfaces exhibited
a similar anodic branch above E,. This indicates that all of the alloys exhibited similar
anodic polarization behaviour after surface film breakdown. In addition, the steady-state
current densities exhibited by all MP surfaces at an applied potential +100 mV versus Ep
(Figure 5.9) were within a factor of two of each other. The differences in current densities
can not be confirmed to be significant for this experiment due to the experimental error of
one measurement. Comparison with the cyclic polarization curves shows that the anodic

branch for all MP surfaces overlaps each other above Ey. This gives confidence that these
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differences in anodic current densities are much smaller in comparison with those below
Ep. This implies that the presence of the semi-continuous -phase network in AM60B-MP
did not provide significant micro-galvanic activity to drive anodic dissolution of the a-Mg
matrix. This agrees well with the claim of Lunder et al. [44]. Thus, the presence of [3-
phase may not have significant influence on the anodic dissolution Kinetics of the a-Mg
matrix. Deep localized corrosion attack was observed on the AM60B-MP surface (Figure
5.11) which indicates that the semi-continuous B-phase network was not sufficient to
prevent corrosion attack of the a-Mg matrix. Since the anodic dissolution rate of a-Mg is
much faster than that of B-phase [44], the overall anodic corrosion process would be
dominated by the anodic dissolution of the a-Mg matrix at areas of film breakdown. The
similar chemical composition of the a-Mg matrix for all the experimental alloys would
lead to the expectation that they would have a similar anodic current density at potentials
above E,. However, AM60B-AR exhibited a higher anodic current density at +100mV
versus E, than all MP surfaces. This may be due to contamination on the surface from the

alloy fabrication.

6.1.3 Skin Effect

The skin thickness of die-cast Mg-Al alloys was defined using micro-hardness profiles
across the casting skin thickness and/or by changes in grain size [37, 40]. Micro-hardness
profiles across the casting thickness of the experimental AM60B (Figure 4.7) shows that
there was a harder skin layer approximately 200 pum thick. Figure 4.7 shows that the
microstructure of the die-cast AM60B gradually changed from a surface skin layer which
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contained finer grains and a higher fraction of B-phase precipitates along the grain
boundaries to the interior which consisted of larger grains and lower fractions of B-phase.
Due to the better corrosion resistance of the B-phase, the skin of die-cast Mg alloys
usually exhibits better corrosion resistance than its interior. This is known as the skin
effect [21]. In contrast with die-cast AM60B, extruded AM30 did not show a micro-
hardness difference between its skin and interior (Figure 4.7). However, the extruded
AM30 had a surface layer that was approximately 200 um thick containing coarser grains
compared with those of the interior. The difference between the corrosion properties of

the skin and interior for both of these alloys have been evaluated in this study.

In Figure 5.8(b), significantly different anodic polarization behaviour between the
mechanical polished (MP) surface (i.e. interior) and the as-received (AR) (i.e. skin)
surface of AM60B was observed at potentials below Ep, namely that the AM60B-AR
exhibited lower anodic current density and higher Ec than AMG60B-MP. This
observation agrees well with the study of Song et al [21, 39]. This can be explained by
Figure 6.2 which shows that the reduction of i¢, can be attributed to the increased Ecor.
Having approximately the same steady-state cathodic current density recorded for both
AMG60B-MP and AMG60B-AR (Figure 5.14) suggests that the corrosion process is
controlled by the anodic reaction. This is consistent with the discussion in section 6.1.1.
The improved corrosion resistance could arise from an improved surface film formed on
the higher fraction of the Al-rich B-phase in the casting skin structure. To a large extent,

the mass transport process of Mg cations could be reduced by this enhanced surface film.
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Both the AM60B-AR and AM60B-MP surfaces exhibited similar Ep,, whereas the Ecor
measured for the AM60B-AR surface was approximately 40 mV more positive than that
measured for the AM60B-MP surface (Table 5.3). The difference between Ecor and Ep
was lowest for AM60B-AR. This means that AM60B-AR can only withstand small
changes in anodic polarization without initiating breakdown of the stable surface film.
For this reason, the skin of AM60B is more susceptible to localized corrosion than its
interior. The similar E, of AM60B-MP and AM60B-AR provides more evidence to

support that the fraction and continuity of the B-phase had no significant influence on the
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surface film breakdown process. On the other hand, the high fraction and improved
continuity of the B-phase in the die-cast skin could form an additional barrier layer to
reduce the mass transport rate of Mg cations through the surface film, and consequently

reduce the corrosion rate of Mg-based alloys.

However, at an applied potential 100 mV above E;, the pit-like localized corrosion
observed on both the AM60B-MP and AM60B-AR surfaces did not show significant
differences in depth (less than 50 um), as shown in Figure 5.11. Pits tended to propagate
over the surface instead of penetrating deeper into the alloy. There was no preferential
dissolution of the a-matrix observed on either the AM60-AR or AM60-MP surfaces. This
agrees well with the findings of Lunder et al [44], who stated that the presence of B-phase
does not cause micro-galvanic corrosion. In addition, similar anodic polarization branches
above Ey and the order of magnitude agreement between the steady state current density
recorded at an applied potential +100 mV versus E, for AM60B-MP and AM60B-AR
(Figure 5.9) imply that the relative fractions of -phase had no significant influence on
the anodic dissolution kinetics. Due to the lower anodic dissolution rate of -phase [24,
27, 44], anodic dissolution of the a-Mg matrix may dominate the localized corrosion at

surface film breakdown areas.

In contrast with the die-cast AM60B fine grained two-phase skin layer, the extruded
AM30 contained coarse, single phase a-Mg grains in the skin layer (Figure 4.4). However,

this microstructural difference did not have a significant effect on the AM30
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potentiodynamic polarization behaviour in the GM9540P solution at room temperature, as
shown by the similar cathodic and anodic branches (Figure 5.8 (a)) and insignificantly
different kinetic parameters (Table 5.3). This confirms that grain size does not have a
significant influence on the corrosion resistance of single phase a-Mg alloys. The role of
grain size in the two-phase microstructure affects the continuity of the p-phase network

and the fraction of 3-phase.

6.1.4 Influence of Crystallographic Orientation

The extruded AM30 showed a slightly stronger {0002} texture on the TT-TD plane than
that exhibited on the other planes, ED-TT and ED-TD (Figure 5.1). However, no
significant difference in either the cathodic or anodic polarization behaviour was
observed between each sample plane either in the GM9540P solution after short term pre-
exposure (Figure 5.2) or in the 0.01 M NaCl solution after long term pre-exposure (Figure
5.6). For the same corrosion conditions, all planes corroded at the same Ecor With the
same igor, as shown in Table 5.1, Table 5.2 and Figure 5.7. Also, the steady-state anodic
current densities at the applied potential 100 mV below E, and above E, were not
significantly different (Figure 5.3). This confirmed that the observed weak
crystallographic texture of the extruded AM30 did not have a significant influence on the

anodic corrosion behaviour.

Song et al [26] claimed that a 10% mixture of basal and prism planes will reduce the

difference of anodic dissolution rate from a factor of 20 to 6.5. The more random the
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crystallographic texture, the lower the differences in anodic dissolution rate. The
theoretically calculated dissimilar electrochemical performance between the basal and
prism planes [26] provides a possible driving force for micro-galvanic corrosion.
However, the cross-sectional view of the corroded surface (Figure 5.5) shows that all
sample planes exhibited the same corrosion resistance at the applied potential both
100mV below and above E;,. There was no preferential corrosion attack observed for any
particular grains. At the potential 200mV above Ey, pit-like localized corrosion occurred
on multiple grains and tended to propagate. This suggests that no significant micro-

galvanic corrosion occurred by the coupling of differently oriented grains of a-Mg.

6.1.5 Influence of Aging on Corrosion Behaviour

The long-term corrosion resistance of extruded AM30 on each sample plane was
investigated in a 0.01 M NacCl solution. In general, the corrosion behaviour observed on
the extruded AM30 planes follows the same trend with increasing aging time. After both
short-term and long-term pre-exposure, the potentiodynamic polarization curves (Figure
5.6) showed an apparently positive Ey, relative to Ecor for all three planes. This indicates
that AM30 was in a partially protected state by a surface film at the open circuit potential

for 7 days in room temperature 0.01 M NaCl.

A comparison of the extrapolated cathodic kinetic parameters (Table 5.2) from the
potentiodynamic polarization curves after short-term and long-term pre-exposure showed

that the cathodic Tafel slope and i, did not change significantly with increasing pre-
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exposure time. This suggests that the cathodic kinetics were independent of aging time.
Considering that i, is highly sensitive to surface condition, the top layer of the surface
film, where the hydrogen evolution occurred, underwent no significant change in
chemical composition and microstructure during immersion. This is consistent with the
discussion of the cathodic reaction in section 6.1.1 and agrees well with reported surface
film analyses in mildly aggressive solutions, in which the top layer of the surface film

formed is mainly Mg(OH),-MgCOs [15, 18].

In this study, the more positive Eq,r and E, measured after long-term pre-exposure (in
Table 5.2) aggress well with the study by Hara et al [5]. They observed that the surface
film became thicker with increasing pre-exposure time and caused an increase in Ecqr and
Ep due to the surface film resistance increasing with film thickness [51], thereby retarding
mass transport through the film and slowing anodic dissolution. The extrapolated current
density from potentiodynamic polarization curves after one hour pre-exposure is over one
order of magnitude higher than that after long term pre-exposure (Table 5.2). This result
is also consistent with the reported decrease of anodic current density at potentials below
Ep with increasing film thickness [5]. For this reason, it establishes the enhanced barrier
effect of the passive surface film by increasing immersion time in dilute solutions. During
long time immersion, both potentiodynamic polarization tests (Table 5.2) and LPR tests
(Figure 5.7) showed approximately constant E.o; and corrosion rate. This suggests that

the AM30 exhibited a steady-state corrosion condition in the 0.01 M NaCl solution at the
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open circuit potential. This may be attributed to the relatively stable surface film formed

on the exposed surface which provides a stable protective barrier for the substrate.
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Chapter 7. Conclusions

From the foregoing study on the corrosion resistance of three of the MFERD alloys
(AZ31B, AM30 and AM60B) in a near-neutral saline solution, the following conclusions

can be drawn:

1. Partially protective surface films can be formed on AZ31B, AM60B and AM30 in
a near-neutral mildly aggressive saline solution (GM9540P).

2. The similar breakdown potentials (E,) measured for all alloys indicates that
metallurgical factors, such as the bulk chemical composition, the presence of B-
phase (Mgi7Al12) and intermetallic particles do not have a significant influence on
the surface film breakdown process.

3. At 100mV below Ej, the apparent relative ranking of corrosion resistance is given
by: AM60B > AM30~ AZ31B. By contrast, at 100 mV above Ej, the differences
of anodic dissolution rates are too small to apply a relative ranking between these
alloys.

4. Increasing the alloy Al content has two opposing effects on the corrosion
resistance of Mg alloys: it can improve the corrosion resistance of the film to
reduce the corrosion rate and increase the corrosion potential (Ecor), but the
smaller difference between the E. and E, increases the risk of localized

corrosion.
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5. An alloying addition of 1 wt % Zn does not have a significant influence on the
corrosion resistance of Mg-Al alloys.

6. A semi-continuous B-phase (Mgi7Ali,) grain boundary network does not provide
sufficiently strong micro-galvanic activity to significantly influence the corrosion
resistance of Mg-Al alloys.

7. The die-cast skin of AM60B only exhibits better corrosion resistance versus its
interior before the breakdown of the film.

8. Long term pre-exposure in 0.01 M NaCl solution improves the corrosion
resistance of Mg-Al alloys because the thicker film formed on the surface
decreases the mass transport process and consequently reduce the anodic

dissolution rate.
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