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Abstract
Magnesium (Mg) and its alloys have been the topic of intense research over the past 15 years as the
automotive and aeronautic industries strive to increase fuel efficiency by reducing the weight of vehicles.
Widespread implementation is currently limited by the poor intrinsic corrosion resistance of Mg and its
alloys stemming from the lack of a passivating film and their high susceptibility to galvanic corrosion.
Poor intrinsic corrosion of Mg alloys is often attributed to heterogeneous microstructures containing
electrochemically noble secondary phases which promote the preferential dissolution of the Mg matrix.
The research herein is aimed at the mitigation of localized corrosion which stems primarily from the
secondary phases present in Mg alloys by non-equilibrium surface processing.
The initial thrust of the research was intended to describe controlling factors for localized corrosion
(micro-galvanic couples) which occur during full immersion of specific Mg alloys (AZ31B-H24, AZ91D,
and AM60B) in NaCl solutions. A focus was placed on the critical size of an electrochemically noble
secondary phase particle required to induce localized corrosion, breakdown of the partially passive film,
or the initiation of filiform-like corrosion (FFC). When immersed in a stagnant 0.6 M NaCl solution, the
AZ31B alloy exhibited local pitting-like corrosion for the areas surrounding β-Mg17Al12 (radius < 250
nm) particles while the initiation of FFC was most often observed in proximity to the larger Al-Mn
secondary phase particles (radius > 250 nm). The smaller Al-Mn secondary phase particles (radius < 50
nm) showed minimal contribution to the local corrosion processes.
The second thrust investigated the near surface dissolution of the Al-Mn and Mg-Al secondary phase
particles present in the Mg alloys, utilizing a non-equilibrium surface process with a pulsed ultraviolet
excimer laser. Analytical calculations showed that after a single laser pulse, and a typical melt time of
~50 ns, secondary phase particles with a radius of 75 nm could be dissolved. However, experiments
utilizing scanning electron microscopy (SEM) observed complete dissolution for particles up to a radius
of 250 nm, within the resolution of the SEM (~5 nm), and partial dissolution for the larger Al-Mn
particles. The additional homogenization afforded by excimer laser processing was explained by the
v

liquid mixing generated by a plasma pressure wave and the low melting temperature of the β-Mg17Al12
particles (Tm = 723 K) which led to complete melting. The laser induced plasma formed above the
substrate during processing was found to generate a pressure of ~50 MPa which acted on the melted
substrate surface, resulting in material transport of several µm, experimentally shown to be ~3 µm per
pulse. This material transport could also push the liquid Mg on top of the larger Al-Mn particles,
minimizing the particles impact as local cathodes during corrosion. Overall, when a single laser pulse was
applied to AZ31B, the density of secondary phase particles was reduced by approximately an order of
magnitude. This reduction in secondary phase particle density led to a reduction in cathodic the half-cell
hydrogen evolution reaction (HER) kinetics for all Mg alloys. The laser processing parameters were
optimized around this corrosion response ultimately yielding an order of magnitude reduction in cathodic
HER kinetics (fluence = 1.5 J/cm2, pulse per area = 200, pulse overlap = 50%, and Ar pressure = 810
Torr).
The third thrust investigated the full immersion corrosion response for the laser processed Mg alloys in a
stagnant 0.6 M NaCl solution. It was determined that the order of magnitude reduction in cathodic
kinetics resulted in an order of magnitude increase in polarization resistance (inversely proportional to
corrosion rate) for all Mg alloys. The polarization resistance for AZ31B-H24, AM60B, and AZ91D began
at 200 Ω-cm2, 2,000 Ω-cm2, and 2,000 Ω-cm2, respectively and after laser processing were increased to
5,000 Ω-cm2, 23,000 Ω-cm2, and 28,000 Ω-cm2, respectively. The open circuit potential (OCP) was more
negative for the laser processed Mg alloys, similar to high purity Mg, and observed a gradual increase to
values similar to the as-received alloy. The initiation of FFC occurred shortly after the OCP of the laser
processed specimen reached the OCP of the as-received specimen, typically after 24 to 60 hours of full
immersion. This extension in the time to initiation of FFC is substantial considering the relatively
aggressive corrosion environment (full immersion in 0.6 M NaCl), and should observe an additional
increase in time to initiation in more applicable corrosion environments, such as field exposures in nonmarine environments.
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The use of x-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy determined the
corrosion product for all specimen to primarily consist of Mg(OH)2 and a layered double hydroxide
(LDH) phase (likely hydrotalcite). LDHs have been observed on Al containing Mg alloys previously;
however, the ability for a LDH corrosion product to act as a passive layer is often short lived because the
initiation of FFC occurs quickly in aqueous NaCl solutions, dominating the electrochemical response of
the alloy. Interestingly, the LDH formed to some extent on all specimens after immersion in the stagnant
0.6 M NaCl solution, regardless of the heterogeneity of the Al containing Mg alloys microstructure. The
difference in corrosion product for an as-received and laser processed surface was based on the quantity
of Mg(OH)2, with the as-received alloys exhibiting more Mg(OH)2 in comparison to the laser processed
specimen, indicative of the higher coverage of FFC on the as-received alloys. That said, the observation
of the LDH phase on all specimen may have a wide spread impact on the corrosion analysis of Al
containing Mg alloys since the primary corrosion product at short immersion times for these alloys was
verified to be the LDH phase which precipitates at a pH of ~8 in contrast to Mg(OH) 2 precipitating at a
pH of ~10.5.
The fourth thrust of this thesis was centered on the deposition of a multilayered coating composed of
MgO/Mg(OH)2 and Gd(OH)3 by pulsed laser deposition onto the AZ31B-H24 surface. The 300 nm thick
films were successfully applied and acted as a passive coating, inhibiting the initiation of FFC on the asreceived and laser processed AZ31B-H24 alloy for 1 and 72 hours, respectively. Increasing the initiation
time of FFC to 72 hours in 0.6 M NaCl is similar to results for hydrotalcite conversion coatings on Mg
alloys. The polarization resistance of the laser processed and coated specimen increased to a value of
~100,000 Ω-cm2, decreasing with immersion time to ~30,000 Ω-cm2 until the initiation of FFC occurred
after 72 hours. Initiation of FFC on the laser processed and coated specimens was preceded by a “repassivation” like phenomenon where local defects in the coating were filled in by the
conversion/precipitation of Mg(OH)2.
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The fifth and final thrust of this thesis investigated the specimen’s corrosion response to a B117 salt spray
exposure as a harsh, accelerated outdoor exposure. A LDH phase was formed on all specimens, similar to
the full immersion conditions, with the only detectable corrosion product found on the laser processed
specimens being the LDH, signifying the lessened coverage of FFC for the laser processed surfaces. In
addition, the LDH phases were found to be in competition for the most thermodynamically stable
corrosion product with the carbonate rich phase, hydromagnesite, with experimental results verifying the
presence of Al suppressed its formation. Regardless of the corrosion products formed, the laser processed
specimens consistently observed slower corrosion rates than their as-received counterparts, albeit with a
less dramatic reduction in corrosion rate, only ~3 fold for the salt spray versus ~10 fold for the full
immersion experiments.
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Chapter 1: Introduction
1.1 Motivation
Mg and its alloys can be rolled, cast, forged, extruded and machined to allow for a variety of structural
assembly options, typically added into design schemes to reduce the weight of a non-critical structural
component (e.g. radiator and cab supports, light-duty automobile transmission housings) [1,2,3,4,5,6,7].
Automotive and aerospace industries have begun to implement Mg components because of the added fuel
efficiency afforded by lighter components, as seen in the plot of Figure 1.1. That said, wide spread
integration of Mg has been limited by its relatively poor corrosion resistance [2,8].

Figure 1.1: Fuel efficiency base on highway (HW) and city driving conditions in miles per gallon (mpg)
depending on the automobiles mass. Plot is courtesy of a Wired.com [9].
A significant amount of work has gone into investigating the fundamental mechanisms of Mg corrosion in
the past 15 years, including the implementation of advanced scanning electrochemical techniques for in
situ monitoring of the local corrosion behavior as well as the combination of typical electrochemical
measurements with chemical analysis techniques to determine the corrosion behavior of Mg and its alloys
[10,11,12]. Much of the application space for Mg alloys would require intermittent exposure to neutral,
Cl- containing aqueous environments, which aggressively corrode Mg [7]. The corrosion susceptibility of
Mg alloys stems from the negative electrochemical half-cell reaction potential of Mg, making it
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energetically favorable to dissociate in water and galvanically couple to more noble materials, a common
occurrence in structural design [13,14,15,16,17,18,19,20,21]. The lack of a passivating corrosion product
above this half-cell potential, across a wide range of pH values (pH = 0-10.5), is also unfavorable as this
adds to the thermodynamic favorability to dissolve Mg with no kinetic barrier [22,23,24].
The common solution to improving a materials intrinsic corrosion response is through alloying with other,
more electrochemically stable elements (such as Cr additions to steel) [25]. However, the secondary
phases which result from alloying additions to Mg are often more noble than the surrounding Mg matrix,
leading to micro-galvanic coupling and the initiation of intense localized corrosion, making the corrosion
of such alloys unpredictable [14,18]. The abundance of secondary phases is derived from low solid
solubility (SS) of alloying elements with Mg and subsequent chemically heterogeneous microstructures
[26,27]. Limited control of these heterogeneous microstructures is possible by traditional processing
routes such as casting and forging, which have a limited range of cooling rates [28]. The intense localized
corrosion which develops at the micro-galvanic couples is similar to pitting and known as filiform-like
corrosion (FFC) [29,30,31,32,33]. To alleviate the low corrosion resistance and susceptibility to localized
corrosion, many coatings and paints have been applied and developed for a variety of alloys (e.g. tagnite)
[34,35,36]. That said, scratches and flaking of the coatings result in the exposure of a small area of the
alloys heterogeneous microstructure which leads to the initiation of FFC when under full immersion
conditions in chloride containing solution. Therefore a surface treatment capable of chemically
homogenizing the Mg alloys microstructure could suppress the time to initiation of FFC [37,38,39].

1.2 Corrosion of pure Mg
Hundreds of articles have been published in the past 30 years regarding the corrosion response of pure
Mg and its alloys [7,8,40,41,42,43,44]. These studies range in complexity from the influence of new
coatings and surface treatments to time dependent corrosion morphology changes and studies attempting
to explain the negative difference effect (NDE) [7,31,36]. In general, the electrochemical reactions
associated with the corrosion of Mg in aqueous solutions are:
2

Mg0 (s)  Mg2+ (aq) + 2e- (Anodic reaction)
2H2O (l) + 2e-  2OH- (aq) + H2 (g) (Cathodic reaction)

(1)
(2)

The corrosion of Mg is primarily controlled by the H2 evolution reaction (HER) rate which only requires
H2O to progress and will be proportional to the area density of exposed cathodic material at the pure Mg
or Mg alloy surface [7,13,45]. The influence of other cathodic reactions in aqueous solutions, such as the
oxygen reduction reaction, has been shown to have no significant effect on the corrosion of Mg [46]. The
noble impurities or secondary phases present in the Mg can act as preferential sites for the cathodic
reaction to occur, creating localized corrosion cells known as micro-galvanic couples [47,48]. These
galvanic couples lead to localized degradation of the Mg metal and are accompanied by a local increase in
pH for the solution near the cathodic particle because the HER generates OH-, as depicted in Figure 1.2 a
and b. Macroscopic galvanic couples are also a major concern for the electrochemical active Mg, making
the design of devices containing Mg components difficult because intense galvanic corrosion can occur if
the Mg component is not properly isolated from a component composed of a dissimilar metal [7,49].
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Figure 1.2: A cross-section depiction of expected corrosion activity with respect to time for Mg
immersed in stagnant 0.6 M NaCl solution with a number of impurities or secondary phase particles
present at the surface. At short times (~10 seconds) micro-galvanic couples form between the secondary
phase particles and the surrounding Mg matrix resulting in local dissolution of Mg next to the particles
and streams of H2 gas from the particles as seen in a). An increase in pH is also observed at the surface,
b), and develops at a similar time scale, ~10 seconds. At longer times, 100 seconds, the solution near the
Mg surface becomes saturated with Mg2+ and OH- ions, exceeding the solubility constant (Ksp) for
Mg(OH)2 which results in the deposition of a flaky Mg(OH)2 product on the surface, as seen in c).
Increased quantity of the Mg(OH)2 is often observed on the secondary phase particles.

Figure 1.3: A Pourbaix diagram for Mg was generated utilizing the OLI software for immersion of pure
Mg in a solution of 0.6 M NaCl. The yellow phase field is where Mg2+ is the most stable state, the green
phase field is where Mg(OH)2 is the most stable state, and the gray phase field is where Mg metal is the
most stable state.
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The susceptibility of Mg to corrosion is increased by the lack of thermodynamic stability of the native
oxide and resulting corrosion products in aqueous solution, as observed by the Pourbaix diagram in
Figure 1.3 [24]. The stable corrosion product of Mg in most aqueous solutions, Mg(OH)2, is observed to
be stable only above a pH of ~10.5, suggesting minimal thermodynamic driving force for it to form in
neutral solutions. The majority of corrosion experimentation and desired applications for Mg alloys occur
in near neutral solutions containing aggressive ions, typically Cl- or SO4-2, where the formation of the
stable corrosion product is not expected. However, the OH- ions produced by the cathodic reaction of Mg
corrosion lead to an increase in pH for the electrolyte at the Mg surface, in particular near secondary
phases [50]. This local pH rise results in the precipitation of Mg(OH)2 with a flaky and porous
morphology, as depicted in Figure 1.2b and c. The localized corrosion and natural convection of the
solution leads to non-uniform corrosion product formation across the surface and acting as a partially
passive film. In addition, the incorporation of aggressive ions into the solution leads to destabilization of
the corrosion product and to more intense and accelerated corrosion responses such as the pitting and
filiform-like corrosion (FFC) which occurs in Cl- containing solutions [10,51].
Many of the initial corrosion studies for Mg observe impurity content effects on pure Mg, suggesting the
most detrimental and common impurities to be transition metals such as Fe, Ni, and Cu. Small quantities
(> 40 ppm) can lead to order of magnitude increases in the Mg corrosion rate, as seen in Figure 1.4a
[7,13]. This extreme effect on corrosion rate is a function of certain impurity elements ability to support
the HER and electrochemical nobility in comparison to Mg. These impurity elements have standard redox
potentials substantially less negative than Mg (2 V) and lead to micro-galvanic couples to form with a
large driving force for the HER and the subsequent Mg dissolution. E-log(i) measurements performed by
Sudholz et al. in 0.1 M NaCl revealing specifically the cathodic kinetics of relevant impurity elements can
be found in Figure 1.4b along with a E-log(i) measurement of pure Mg [18]. The current density where
the impurity E-log(i) measurement intersects with the Mg E-log(i) measurement will give an idea of how
severely these two materials will galvanically couple.
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Figure 1.4: a) A replication of the plot originally used by Makar/McNulty to quantify the impact
impurity content in pure Mg will influence corrosion rate regardless of corrosion morphology or the
materials microstructure [8,13]. b) E-log(i) measurements of common impurity elements found in Mg
under full immersion in stagnant 0.1 M NaCl, as well as a E-log(i) measurement of pure Mg, plot is
reproduced from Sudholz et al. [18].
The rapid micro-galvanic coupling may be observed in Figure 1.5 for a commercial purity (CP) Mg
specimen after 10 minutes full immersion in stagnant 0.1 M NaCl solution. The agglomerate of flaky
corrosion product is indicative of the deposition of Mg(OH)2 at and around a local cathode, in this case
one’s composed of Si and Fe. The bright region adjacent to the impurity particle is caused by convection
induced by H2 gas evolved at the particle, quickly replacing the Mg2+ and OH- rich solution with fresh 0.1
M NaCl preventing significant Mg(OH)2 deposition and allowing for local degradation. After cleaning the
corrosion product from the surface with a chromic acid solution, in Figure 1.5 b, the impurity particle
was observed along with the local corrosion to the right of the particle.
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Flaky Mg(OH)2
a)

Fe particle
b)

Figure 1.5: a) A backscattered electron micrograph of the corrosion product and local degradation which
occurred on a commercial purity Mg sample after 10 minutes of immersion in stagnant 0.1 M NaCl. The
agglomeration of flaky Mg(OH)2 in the center of the image is covering an impurity particle rich in Fe. b)
A secondary electron micrographs of the same area from a) after cleaning with a chromic acid solution,
revealing the Fe particle and local degradation to the right of the particle.
Impurities are often the initiation sites for a more intense corrosion phenomenon, FFC, a corrosion
response commonly observed on organically coated Al and steel alloys, yet is the typical corrosion
response for Mg and its alloys in Cl- containing aqueous solutions [10,11,31,32,33,52,53,54,55]. The
scanning vibrating electrochemical technique (SVET) has had success in characterizing the nature in
which the thin filaments of corrosion propagate across the Mg surface, with an intense anodic head and
cathodic current detected in the trailing tail of each filament [10,12,31]. Sensitivity of the FFC
morphology has been rigorously studied by SVET and time dependent optical and electron microscopy
studies, revealing an increase in Cl- concentrations and impurity (Fe) content can shift the morphology
from the propagation of individual filaments to “discs” of intense corrosion, behaving similar to clusters
of aligned filaments [31]. The addition of inhibiting ions, such as CrO3-4, has also been shown to limit
propagation, even in solutions containing high concentrations of Cl- [56].
Another influential parameter over the corrosion response of pure Mg is its texture, i.e. grain orientation.
There have been two variations in studying the influence of grain orientation on Mg corrosion with most
observing the overall corrosion rate change as a result of the materials texture [57,58,59]. Other
observations have been made on a variation in how corrosion propagates through individual grains
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[60,61,62,63,64,65]. As has been observed with other materials, when the closest packed planes of Mg are
exposed to corrosive media, corrosion is observed to be the slowest in comparison to higher index planes
[66]. The reason for slowed corrosion rates at low index planes was expected, as lower surface energies
are typical for these close packed orientations [62,63]. However, a different response was observed by
Bland et al. suggesting that the lower index planes formed a thinner, less protective MgO/Mg(OH)2
corrosion product, hence increasing the corrosion rate for {0001} grains [65]. In addition, grain size as
well as deformation (dislocation density) has also been observed to influence corrosion rates [67,68,69].

1.3 General effects of alloying additions on Mg corrosion
The purpose of adding alloying elements is to improve and control processing, casting, forming,
mechanical, and degradation (corrosion, wear, etc.) properties [4,7,70,71]. For the corrosion properties of
Mg alloys, many of the possible alloying additions have been investigated in binary systems, observing
the influence of a single alloying element. One common route to observing corrosion kinetics is through
linear polarization measurements where a more positive or negative potential is applied to the alloy
(working electrode) at a constant rate versus time (typically 1 mV/sec.). These experiments result in
current density measurements with respect to the corrosion potential of the alloy which correlates to the
individual anodic (positive potentials) or cathodic (negative potentials) kinetics (reaction rates) [25]. A
range of alloying elements have been investigated and summarized in Figure 1.6 [7,16,20]. This plot
presents the two main strategies for slowing the corrosion rate of Mg, through the reduction of the anodic
and/or cathodic kinetics. However these results, while helpful, do not account for changes to the
microstructure with most effects taken for binary alloys in the as-cast condition and not complete solid
solution. They also do not consider the more complex scenarios typical for technologically relevant alloys
with more than one alloy addition.
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Figure 1.6: Potential versus current density plot with a general indication of how specific alloying
elements may individually affect the corrosion potential (Ecorr), the anodic kinetics (more positive than
Ecorr), and the cathodic kinetics (more negative than Ecorr). Reproduced with permission from Prof.
Birbilis.
The addition of elements that bind with the electrochemically noble impurities and shift their
electrochemical potential to something similar to that of Mg will reduce their driving force for microgalvanic coupling, therefore reduce the HER rate and slowing the corrosion rate of Mg. Additions of Mn
to Al containing Mg alloys lead to the encapsulation of Fe impurity particles which shift their
electrochemical potential to be more negative than pure Fe, yet still capable of acting as a local cathode
[72]. A similar approach was formulated by adding elements that reduce the efficiency of the HER with
some success in alloying Mg with As and Ge, effectively poisoning the HER [73,74].
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Another strategy of adding alloying elements is to improve the stability of the Mg corrosion product
across a wider pH range, thereby reducing the anodic reaction rate. The most common alloy additions for
this approach (Al, Nd, Y, other lanthanides) are those which make the oxide/hydroxide corrosion product
more thermodynamically stable while not forming an abundance of electrochemically noble secondary
phases [7]. A more dramatic improvement to the stability of the corrosion product will also be observed
for alloying elements that are capable of being in solid solution with Mg at room temperature; however
the terminal solid solubility of many alloying elements is low when added to Mg as seen in Table 1.1
[7,26,75]. The benefits of solid solution alloying elements with Mg will be a common theme throughout
this thesis.
Table 1.1: Categorizing the maximum equilibrium solid solubility achievable for alloying elements
when added to Mg in a binary solution.
Equilibrium Terminal Solid Solubility Range (at. %)

Binary
Systems

<0.1

0.1-1

1-5

5-25

>25

Mg - X

As, Ba, Ce, Co,
Cu, Eu, Fe, Ge,
La, Na, Ni, Pd,
Pr, Sb, Si, Sr

Au, Ca, Ir,
Nd, Th, Mn,
Ti

Ag, Bi, Dy, Ga,
Gd, Hg, Pu, Sn, Y,
Yb, Zn, Zr

Al, Er, Ho, Li,
Lu, Pb, Tl, Tm,
In, Sc

Cd

1.4 Background on Mg alloy metallurgy and processing
The alloys selected for this study were the wrought Mg alloy AZ31B (provided by Mg Elektron) in the
strain hardened and partially annealed H24 condition as a 3 mm thick sheet and AM60B and AZ91D
(provided by Meridian) in the as-cast condition, compositions are presented in Table 1.2. An explanation
of common Mg alloy nomenclature is presented in Figure 1.7 [3]. Wrought Mg alloys have been found in
few commercial applications (most commonly as sacrificial anodes for water heaters) however, AZ31B
has been utilized as electric motor frames, oil pans, and ballistic armor plate [1,2,3]. The cast alloys
AM60B and AZ91D were selected to show employing laser processing can beneficially impact Mg alloys
that are more commonly found in production. Die cast Mg alloys make up 35% of the total uses for Mg,
primarily in the automotive industry with a few applications in consumer electronics and power tools.
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AZ91D is most commonly utilized in transmission casings and parts of the powertrain in automobiles and
as laptop cases in the electronics sector. Due to its high ductility, AM60B can be found in more
structurally integral parts of the automobile such as instrument panels, seat frames, inner boot lid sections,
and steering components [3,4,76].

Table 1.2: Composition in wt% of AZ31B-H24, AZ91D, and AM60B alloys used in thesis work as
determined by ICP-OES analysis.
Element (wt%)

Al

Zn

Mn

Fe

Mg

AZ31B-H24

3.0

1.0

0.33

0.005

Bal.

AZ91D

7.2

0.79

0.19

0.02

Bal.

AM60B

5.9

0.02

0.28

0.01

Bal.

Figure 1.7: Explanation of the nomenclature used for naming Mg alloys.
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a)

b)

12

c)

d)

Figure 1.8: Presented here are four phase diagrams for the Mg-Al alloy system: a) Mg-Al, b) a psuedobinary phase diagram of the Mg - Al - 1 wt% Zn- 0.6 wt% Mn system, c) Mg-Mn, and d) Al-Mn. The
pseudo-binary phase diagram is courtesy of Dr. Kateryna Gusieva where the Zn and Mn quantities were
kept constant while the Al and Mg quantities were varied [77].
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The microstructures which can develop for the Al containing Mg alloys depend heavily on Al content, the
cooling rates achieved during casting, and whether or not thermomechanical processing occurred after
casting. All alloys considered lie in the eutectic region of the Mg-Al phase diagram, as shown in Figure
1.8a, where β-Mg17Al12 is the primary secondary phase at equilibrium [77,78]. The small addition of Zn
to the AZ31B and AZ91D alloys does little to alter the resulting microstructure, however the phases
formed are often influenced [79,80]. Both alloys have shown Zn to become incorporated into the βMg17Al12, yielding β-Mg17Al(12-x)Znx, or the possibility of the formation of Φ-MgxAly,Znz phase as shown
in the pseudo-binary phase diagram in Figure 1.8b. Zinc may also reside in solid solution with the Mg
matrix, along with Al at room temperature as shown by phase diagrams and Table 1.1 [77].
The final common addition to these alloys is Mn which forms no secondary phases and has less than 1
at% solid solubility with Mg as shown in Figure 1.8c. During the initial casting stages, the Mn additions
encapsulate the Fe impurity particles, surrounding these particles and reducing the electrochemical
potential similar to that of Mn [72]. When incorporated in Al containing Mg alloys, the resulting
encapsulating phase is typically an Al-Mn compound commonly observed to be the γ-Al8Mn5 phase as
seen in the pseudo-binary phase diagram in Figure 1.8b [81]. These Al-Mn phases which form during
casting have melting temperature on the order of 900oC as seen in the Al-Mn binary phase diagram in
Figure 1.8d hence subsequent heat treatments do little to control their morphology.
For the materials in the as-cast condition the secondary phase β-Mg17Al12 primarily forms as a divorced
eutectic at the grain boundaries resulting in a cellular cast microstructure, as seen in Figure 1.9a. The
volume fraction, connectivity of the β-Mg17Al12 cell structure, and general size of the β-Mg17Al12 depends
on Al content and cooling rate of the casting process, as seen by the lack of connectivity for AM60B,
which was formed in an identical manner to the AZ91D but with less Al in Figure 1.9b. The Al-Mn
phases for the cast alloys are found littered throughout the alloys microstructure as constituent particles
typically larger than 500 nm in radius (rparticle). That said a high magnification micrograph of the AZ91D
alloy revealed smaller Al-Mn rich particles randomly dispersed throughout the microstructure, as seen in
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Figure 1.9c, typically rparticle 100 nm. These smaller Al-Mn particles were also observed for the AM60B
material.

a)

10 μm
b)

10 μm
c)

Al-Mn phase
particles

β phase

1 μm

Figure 1.9: Backscattered electron micrographs of the as-cast alloys microstructures at low magnification
of a) AZ91D and b) AM60B. A higher magnification micrograph on the AZ91D alloy is presented in c)
revealing the general dimensions for secondary phase particles commonly observed.
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Figure 1.10: Backscattered electron micrographs of the AZ31B-H24 alloy after polishing to colloidal
silica and a light nitol etch at low a) and high b) magnification.
For the wrought AZ31B-H24 alloy, the easily observable secondary phase particles at low magnification
through backscattered electron microscopy are the Al-Mn phase particles which form during casting and
range in size from rparticle = 125 to 20,000 nm. A cluster of these Al-Mn particles may be observed in
Figure 1.10a. The β-Mg17Al12 phase present in the AZ31B-H24 is a small volume fraction, enriched in
Zn, and forms as particles at the grain boundaries, typically smaller than rparticle = 250 nm, as seen in
Figure 1.10b. An additional phase forms which is dispersed uniformly through a grain in the form of the
Al-Mn rich precipitates smaller than rparticle = 50 nm. These phases are primarily for strengthening and
have been shown to have a minimal effect on corrosion in comparison to the other, electrochemically
noble phases and constituent particles present in AZ31B-H24 [18,29].

1.5 The effect of secondary phases on Mg alloy corrosion
For the Mg alloys considered here, the distribution and composition of secondary phase particles present
in their respective microstructures control the initiation and propagation of localized corrosion
[29,30,31,32,33]. The starting microstructures for all alloys contain similar secondary phases with
electrochemically noble potentials in comparison to pure Mg, varying in severity depending on
composition, as seen in Table 1.3 [18,47,48,82,83,84,85]. The secondary phases create micro-galvanic
couples between the cathodic particle and its surrounding matrix and will have a number of effects
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associated with it including: local changes to surface potential, increased Mg matrix dissolution rates near
the particle, solution concentration gradients, and local corrosion product formation and degradation
[86,87,88]. This section will explore how the phases and particle distributions in the as-cast and wrought
alloys microstructure influence the micro-galvanic couples formed at the surface and subsequent initiation
of FFC in NaCl solutions.
Table 1.3: Table of corrosion potentials of relevant phases found in Al containing Mg alloys
immersed in NaCl solutions.
Phase
Corrosion potential (Ecorr)
Pure Fe [18]
-0.60
Al-Fe phase [82]
-0.60
Pure Al [82]
-0.85
Al-Mn phase [82,85]
-0.90
Pure Zn [82]
-1.03
β-Mg17Al12 [47,48]
-1.25
Pure Mn [82]
-1.32
MgZn2 [89]
-1.42
α-Mg [83,84]
-1.80

1.5.1 Secondary phase particle morphology influence on corrosion for AZ31B, AM60B, and
AZ91D
For the cast alloys, the uniform and abundant distribution of the β-Mg17Al12 (or Mg17Al(12-x)Znx) phase
resides along the grain boundaries and leads to the most intense corrosion occurring in the α-Mg matrix,
which the β-phase surrounds. The severity of the local Mg corrosion is dependent on the volume fraction
of β-Mg17Al12 as well as their individual particle spacing/connectivity, it is ultimately determined by the
potential difference between the β-phase and α-Mg [90]. It has been found that higher solidification rates
during casting yield a higher quantity of Al and Zn in solid solution with the Mg, raising the corrosion
potential of Mg an reducing the severity of a micro-galvanic couple between α and β. The resulting local
corrosion response comes in the form of filiform-like corrosion which propagates along the surface and
into the material [31,32]. That said, if the β-phase exhibits good connectivity then it may act as a barrier
to this localized corrosion propagation [90]. This barrier effect prevents the formation of long corrosion
filaments as well as limits the depth of localized corrosion penetration [91]. In the wrought AZ31B-H24
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alloy, the β-Mg17Al12 phase is less abundant in comparison to the alloys with higher Al content, yet it is
still found at the grain boundaries, as seen in Figure 1.10b. The smaller size of the β phase, ranging from
rparticle = 20 to 250 nm, suggests the micro-galvanic corrosion with the Mg grains will be less probable and
severe.
The area ratio between the anode and cathode of a galvanic couple will dictate the rate of corrosion at the
anode. A cathode with a radius of rparticle = 20,000 nm is able to support an increased galvanic corrosion
current in comparison to one with a rparticle = 125 nm. The large Al-Mn phase particles, rparticle ≈ 500 nm or
greater, which form during casting in all alloys create a positive electrochemical potential difference from
the α-Mg matrix and have been consistently observed to be the primary initiation sites for FFC, in
particular for the AZ31B alloy [29]. The Fe enriched Al-Mn particles are especially detrimental as the
particles corrosion potential can be increased by a few 100 mV if Fe is present [85]. Local Mg dissolution
in the form of pits can be observed at early times of full immersion surrounding the Al-Mn particles for
AZ31B-H24, as seen in Figure 1.11. The deposition of flaky Mg(OH)2 may also be observed on these
particles similar to the Fe impurity particle in Figure 1.5, a sign of the local increase in pH at the particle.

Figure 1.11: Secondary electron micrograph of AZ31B-H24 after polishing to colloidal silica finish (20
nm), corrosion in 0.6 M NaCl for ~10 minutes, and cleaning of the corrosion product with chromic acid.
Emphasis is on the pitting that occurs around the Al-Mn particle.
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1.5.2 Quantifying the secondary phase particle size effects on micro-galvanic coupling: Galvanic
current
The common route to describing a galvanic couple is through the use of E-log(i) measurements, one for
the expected anode and one for the expected cathode in the solution of interest, here being 0.6 M NaCl
[25]. From these plots the expected cathodic current density and anodic current density behavior of the
cathode and anode can be shown across a wide range of potentials and for a specific solution [47]. A
schematic of how the galvanic coupled current density (igalv) is determined for an anode (α) and cathode
(β) is shown in Figure 1.12. The cathodic E-log(i) measurement for β and the anodic E-log(i)
measurement for α intersect to determine the igalv acting on the anode (igalv on anode). The extrapolation of the
anodic measurement for β and the cathodic measurement for α intersect to determine the igalv acting on the
cathode. The accelerated current density on the anode, igalv

on anode,

is of primary concern for micro-

galvanic couples, like the ones observed in Mg and its alloy. The reduced current density observed on the
cathode, igalv on cathode, is typically considered to be negligible considering its reduction in comparison to the
corrosion current density of β (icorr (β)). In the extreme case for pure Mg coupled with an Fe impurity as
was shown for E-log(i) measurements by Sudholz in Figure 1.4b, the corrosion potential for Fe is ~ 1 V
more noble than Mg [18]. This potential difference is the thermodynamic driving force which causes a
galvanic couple to develop and defines the anodic or cathodic behavior of a metal. In addition, the
cathodic current density (ic) of Fe and the anodic current density (ia) of Mg intersect at a rather low
potential, Egalv = -1.55 V vs. SCE, because of the low polarizability of Mg. The current density where
these two E-log(i) plots intersect is the igalv that will act on the Mg anode. This igalv value may be used to
predict the amplified corrosion rate occurring on the Mg anode when galvanically coupled with Fe [25].
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Ecorr of β

V vs. SCE

icorr (β)
igalv on cathode

Ecorr of α

igalv on anode
icorr (α)
Log (Current density)

Figure 1.12: Schematic of how to determine the galvanic coupled current density which will act on an
anode and cathode. The dotted lines are the Tafel extrapolations for the anodic and cathodic branches of
the α and β metal.
In the case of the Al containing Mg alloys, the secondary phases Ecorr are significantly more negative than
pure Fe and the intersection of the Mg ia is expected to be at smaller values, as observed by Mathieu et al.
[47]. Experimental work showing the E-log(i) behavior of all secondary phases present in the Mg alloys is
minimal [47,48,85]. However, a general treatment to observe the influence of secondary phase particle
size on micro-galvanic coupled current can be observed if Tafel linear extrapolation is used [25]. The
Tafel equation assumes a linear relationship between the change in potential and resulting change in
current density for a E-log(i) measurement, typically observed for over-potentials of 50 mV away from
the Ecorr. The Tafel equation is presented below [25]:
𝑖

η = βx log (𝑖 )
0

(3)

where η is the over-potential with respect to Ecorr of the corroding material (V), βx is known as the Tafel
slope (V/decade), x defines if β is from the anodic (βMg-anodic) or cathodic (βparticle-cathodic) linearization, i is
the current density (A/cm2), and i0 is the exchange current density (A/cm2) also known as the corrosion
current density. For the purposes of the treatment herein the βMg-anodic will be equal to 30 mV per decade
of current density as was experimentally observed for high purity Mg and the βparticle-cathodic will be equal to
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120 mV per decade of current density as was estimated from cathodic E-log(i) measurements performed
on the β-phase [47]. Additional assumptions of the exchange current density and Ecorr of the Mg matrix
and the β-phase is required and summarized in Table 1.4. The electrochemical nature of the secondary
phase particles is known to differ depending on the particles phase but for simplicity an assumption will
be made here that all particles of all sizes will have the same characteristics as β from Table 1.4 [47,48].
Table 1.4: Values used for Tafel extrapolations for a single
secondary phase particle embedded in a pure α - Mg matrix.
Values from [41,47,48].
β – Mg17Al12
α - Mg
Ecorr (V vs SCE)
-1.25
-1.8
2

-6

-5

icorr (A/cm )
3.0x10
1.0x10
βx (mv/decade)
120
30
The treatment here investigates how the size of an individual secondary phase particle will influence the
galvanic coupled current acting on the surrounding Mg matrix, the anode. The cathodic particles radii
(rparticle) will be varied based on the AZ31B-H24 alloy, from 5 to 5,000 nm, assuming all particles are
circular. The area of Mg matrix surrounding each particle assumed to be corroding will be constant and
defined as the distance from the edge of the cathodic particle as rsusceptible = 1,000 nm. Figure 1.13 shows
how the E-log(i) plots for the β particle and α matrix will be converted to an E-log(I) plot for a β particle
with rparticle = 500 nm and rsusceptible = 1,000 nm. The determination of the Igalv, directly proportional to
corrosion rate on the Mg matrix, for a series of cathodic particle radii qualitatively shows the impact of
micro-galvanic coupling.
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-1.2
E-log(i) for -Mg17Al12

V vs. SCE

-1.3

E-log(i) for -Mg

-1.4
-1.5
-1.6
-1.7
-1.8

igalv

-1.9
-7
-6
-5
-4
-3
-2
-1
0
1
2
10 10 10 10 10 10 10 10 10 10
2
Current density (A/cm )
rparticle = 500 nm
rsusceptible =1,000 nm
Apply these
area conditions

rsusceptible

rparticle
-1.2

E-log(I) plot for rparticle=500 nm

-1.3
E-log(I) plot for rsusceptible=1,000 nm

V vs. SCE

-1.4
-1.5
-1.6
-1.7
-1.8
-1.9

Igalv
-14

10

-12

10

-10

10
Current (A)

-8

10

-6

10

2

Figure 1.13: Representation of how an E-log(i) (A/cm ) plot will be converted to an E-log(I) (A) plot so
the impact of rparticle and rsusceptible may be quantified for a variety of micro-galvanic coupling conditions.
The red area is assumed to corrode uniformly.
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Igalv (A)

10

-7

10
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-10
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-12

rparticle = 5,000 nm
rparticle = 500 nm

10

rparticle = 50 nm

-8

-7

10
2
Area of susceptibility (cm )

10

-6

Figure 1.14: Igalv values as determined from E-log(I) plots for all secondary phase particle sizes and an
2

rsusceptible = 1,000 nm. The susceptible area is presented as a uniformly corroding area (cm ) rather than
rsusceptible since the area changes depending on the particle radius.
The Igalv values determined for each rparticle are summarized in Figure 1.14. If there was no intersection of
the anodic and cathodic E-log(I) plots, only observed for rparticle = 5 nm, then that particle radius is
assumed to not support a galvanic couple for a rsusceptible = 1,000 nm. That said, if a smaller susceptible
area was assumed for the smaller cathodic particles then galvanic corrosion would be possible since less
cathodic current is required to support the anodic reaction on a smaller anode. The Igalv value is directly
proportional to the maximum corrosion current that may be affecting the susceptible region surrounding
the cathodic particle when not considering effects from solution resistance [25]. Regardless of the
susceptible area, the largest cathodic particle would be capable of supporting a galvanic current almost
two orders of magnitude greater than any of the other particle sizes. This suggests the larger secondary
phase particles can support rapid corrosion of the surrounding Mg matrix and explains why these larger
particles are often the site for FFC initiation [29].
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1.5.3 Quantifying the secondary phase particle size effects on micro-galvanic coupling:
Susceptible area surrounding cathodic particle
The determination of what the susceptible area of Mg surrounding the cathodic particle will be equally
important for the design of an alloy. This susceptible area is commonly described as the area around a
cathodic particle where the electrochemical potential gradient imposed by the particle on the surrounding
matrix is above a critical value, typically the breakdown potential (Ebkdn) of the matrix material.
Investigations of the “throwing power” of a cathodic particle formulated by Buchheit [86] and adopted by
Jain et al. [87,88] gives an estimation of this susceptible area and how solution resistance (Rs), matrix
polarization resistance (Rp), particle Ecorr, and rparticle influence it. A one-dimensional model has been
shown capable of estimating the electrochemical potential distribution surrounding a single cathodic
secondary phase particle. The electrochemically noble Ecorr of the cathodic particle will raise the potential
on the matrix material, acting as if an anodic potential is being applied to the surrounding matrix material.
The equation used to determine the potential distribution on the matrix material surrounding the cathodic
particle is given below:
1

E(r) =

matrix
Ecorr

−

matrix
(Ecorr

−

2
3ρ
particle
Ecorr )exp [− (
) d]
4Rp r𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

particle

matrix
where Ecorr
is the corrosion potential of the Mg matrix in V vs. SCE, Ecorr

(4)

is the corrosion potential

of the secondary phase in V vs. SCE, ρ is the solution resistivity in Ω.cm, Rp is the polarization resistance
of the matrix in Ω.cm2, rparticle is the radius of the secondary phase particle in cm, and d is the distance
particle

matrix
away from the secondary phase particle in cm. All of the electrochemical properties (Ecorr
, Ecorr

,

Rp, and ρ) considered for the material immersed in stagnant 0.6 M NaCl solution values are found in
Table 1.5. The values for Rs are for stagnant 0.6 M, 0.1 M, and 0.01 M NaCl solutions. The Rp value was
determined by electrochemical impedance spectroscopy of the AZ31B Mg alloy at the anodic potential of
-1.3 V vs. SCE.
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Table 1.5: Values used to determine “throwing
power” of a single cathodic particle and the
susceptibility region in NaCl solutions.
ρ (Ω-cm)
25, 100, and 800
d (cm)
varied
-4
-7
rparticle (cm)
5 x 10 to 5 x 10
particle

-1.25

Ecorr (V vs. SCE)
matrix (V vs. SCE)
Ecorr
Ebkdn (V vs. SCE)

-1.8
-1.57

2

1

Rp (Ω-cm )

The results are plotted in Figure 1.15 for varying rparticle and Rs with a line representing the Ebkdn on each
plot. Coinciding with the expectations from the Igalv estimations an increase in rparticle led to an increase in
the distance away from the cathodic particle that will be susceptible to galvanic corrosion. The distance of
Mg susceptibility decreased as the Rs increased (or the NaCl concentration decreased).
rparticle

Particle

rparticle = 5 nm

V vs. SCE

-1.3

rparticle = 500 nm

-1.5

Ebkdn

-1.7

Rs = 25 Ω.cm
-2

10

10

-1

0

1

10

distance (m)

10

2

3

10

Rs = 25 .cm
Rs = 100 .cm
Rs = 800 .cm

-1.4

Ebkdn

-1.5
-1.6
-1.7
-1.8

10

Mg matrix

-1.2
-1.3

rparticle = 5,000 nm

-1.6

-1.9
-3
10

b)

rparticle = 50 nm

-1.4

-1.8

distance from particle (d)

Particle

Mg matrix

-1.2

V vs. SCE

a)

rparticle

distance from particle (d)

-1.9
-3
10

rparticle = 50 nm
-2

10

-1

10

0

10

1

10

distance (m)

2

10

3

10

Figure 1.15: Potential versus distance plots of the effective anodic potential the Mg matrix will be
susceptible to if adjacent to an electrochemically noble secondary phase particle. The potential gradient is
observed to change depending on a) rparticle and b) Rs.
The above investigations have revealed the general impact of rparticle, rsusceptible, and Rs on the nature of
micro-galvanic couples present in a Mg alloy. All trends point to smaller electrochemically noble
secondary phase particles leading to alloys which are less susceptible to micro-galvanic corrosion.
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However, if many of these smaller particles are in close proximity with one another so that their areas of
susceptibility overlap, then substantial localized corrosion will occur. A key to preventing micro-galvanic
couples will be to make rparticle small enough so it cannot support any level of galvanic activity which from
the above treatment appears impossible as a particle with rparticle = 5 nm can theoretically support such a
galvanic couple.
Fortunately, the above scenarios occur at time equals zero on a freshly polished surface with no corrosion
product or change to the corroding solution. From the depiction in Figure 1.2 as well as a number of
studies, the pH at the surface of Mg will increase rapidly making it more thermodynamically stable to
form a partially protective corrosion product in Mg(OH)2. The formation of this corrosion product as well
as the increase in pH will move the Igalv to lower values, preventing the possibility of some of the microgalvanic couples. The small Al-Mn particles (rparticle ~ 10 nm) found in the grains of AZ31B-H24 were
shown to have minimal localized corrosion near them, as indicated by a lack of dark, oxidized regions
when observed after 3 hours of immersion in stagnant 0.6 M NaCl by backscattered electron microscopy
in Figure 1.16. That said, the β-Mg17Al12 phase (rparticle = 100 nm) found at grain boundaries shows
substantial darkening, indicative of micro-galvanic coupling. The β phase as well as the large Al-Mn
particles will be the primary sites of micro-galvanic coupling as shown experimentally for all Mg alloys.
Therefore dissociation of these phases, which typically have a radius greater than 50 nm, through laser
processing is a primary goal for improving the corrosion response in this study.
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β – Mg17Al12

1 µm
Figure 1.16: Backscattrered electron micrograph of the AZ31B-H24 alloy microstructure after corrosion
in stagnant 0.6 M NaCl solution for 3 hours. Bright contrast is from the β phase which reveal local
degradation (darkened regions) surrounding all β particles.
Center of a grain

1.6 Evolution of the corrosion morphology on Mg alloys in full immersion of stagnant
NaCl solutions
One of the primary goals of this dissertation is to control and minimize the impact of FFC through
alterations of the alloys microstructure. The previous section explored the potential initiation sites for
FFC as expected for the Mg alloys considered, while this section investigates the filaments of corrosion
propagation across the alloys surface.

1.6.1 Background on FFC of Mg and Mg alloys
The FFC observed on Mg is unique in that is does not require a coating, is not based on a differential
aeration model, and is observed when an alloy surface is exposed to full immersion conditions [32,51,56].
Investigations of the filament formation across pure Mg or Mg alloy surfaces have utilized a number of
techniques including scanning vibrating electrode technique (SVET), time lapse optical microscopy,
transmission electron microscopy (TEM), scanning electron microscopy (SEM), x-ray computed
tomography (XCT), and electrochemical impedance spectroscopy (EIS) [10,12,31,32,33,51,56,92,93,94].
Many of the early Mg FFC studies utilized simple approaches, observing the propagation of corrosion
filaments in NaCl solutions optically with subsequent SEM and elemental and grain orientation analysis
leading to some understanding of how filaments propagate through certain grains better than others
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[51,54]. For cast alloys, these early investigations revealed the ability β-phase has to act as a barrier to
FFC propagation into the alloy when there is appreciable β-phase connectivity along the grain boundaries.
Many studies since then have observed similar phenomena for the FFC propagation on Mg alloys and
have reported filament propagation and morphology to be sensitive to an alloys grain structure, local
composition, secondary phase distribution, and local solution chemistry [31,32,51,56].
Recent TEM work from McGill University has been used to observe microstructural effects on the
propagation of filaments as well as to help verify a propagation mechanism associated with the filaments
[32]. Cano et al. observed the intact corrosion product on the Mg matrix and a filament, revealing cracks
which propagate through the filamentous corrosion product to the metal and the FFC process to occur
underneath an intact film of MgO and Mg(OH)2 [23,32]. The presence of a film during FFC propagation
is consistent with the Al and Fe alloys where organic coatings are required for it to occur. The film
confines the corrosion activity to linear propagation at the surface as well as the solution chemistry at the
head of a filament where the film may act as a diffusion barrier to fresh bulk solution, critical to
establishing a differential aeration cell on Al and Fe alloy. In addition, a layer of an electrochemically
noble alloying element was shown to form under the previously corroded filament typically developing as
a Zn rich layer for the AZ alloys, thought to be the cause of cathodic activation of the filaments [32].
Another recent study on AZ31 by Krebs et al. utilized in-situ 3D x-ray microtomography coupled with
SEM to show changes in the FFC morphology with time [33]. The corrosion morphology changes were
suggested to develop in three stages; stage I was the time leading up to corrosion initiation, stage II was
characterized by shallow filament propagation, and stage III develops after stage II has completely
progressed across the exposed surface and consists of deeper penetrating filaments, growing deeper with
longer immersion times.
To further elaborate on these stages of corrosion, the research presented in this section analyzed localized
corrosion via simultaneous electrochemical measurements as a function of immersion time. This study
was conducted on the AZ31B-H24 alloy which was immersed in stagnant NaCl of varying
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concentrations. Several trends between the electrochemical measurements and time dependent corrosion
morphologies are revealed. Real-time video was utilized to show filament propagation, providing unique
insights into H2 evolution and the impact of changing corrosion morphology. The ramifications of local
corrosion on corrosion rate are discussed utilizing time dependent EIS coinciding with the filament
propagation videos. The presented work also reveals the distinct ability for filaments to propagate during
specific stages of corrosion without any clear evidence of H2 evolution in proximity to the propagating
filament.

1.6.2 Experimental approach to filament propagation characterization
The material used was the AZ31B in the strain hardened and partially annealed H24 condition with a
grain size of approximately 6 μm, measured using the linear intercept technique. Prior to corrosion
testing, specimens were ground to a 1200 grit finish using Buehler® SiC paper in a Struers alcohol-based
lubricant with ethanediol, free of water, to minimize surface oxidation. A colloidal silica finish was
achieved for specimens used in optical corrosion videography. All tests were started within 30 minutes of
the grinding or polishing process.

Cfilm

Rs

Rfilm

CDL

Rct
L

R3

Figure 1.17: Equivalent circuit used for analysis of EIS measurements. Rs is the solution resistance, Rfilm
and Cfilm are the resistance and capacitance of the corrosion product, CDL is the capacitance of the
electrochemical double layer, Rct is the charge transfer resistance, and L and R3 are an inductor and
accompanying resistance commonly observed on corroding Mg surfaces.
Corrosion experiments were performed in a stagnant 0.6 M NaCl solution, prepared the day of the
experiments. Electrochemical measurements were performed in a standard three electrode setup with the
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ground specimen as the working electrode, Pt mesh as the counter electrode, and a saturated calomel
electrode (SCE) utilized as the reference electrode with an electrochemical impedance spectroscopy (EIS)
capable Biologic SP-150 potentiostat. Electrochemical measurements were conducted using
electrochemical impedance spectroscopy (EIS) performed at the open circuit potential (OCP). An area of
1 cm2 was exposed to 250 mL of solution for the OCP/EIS measurements. EIS measurements were taken
at immersion times dictated by the OCP and resulting morphology, typically at 5 minutes (prior to
breakdown of passivity), 30 minutes (after breakdown), and successively at 60/120/240/360/720/
1,080/1,440 minutes. The EIS measurements were performed over a frequency range of 100,000 Hz to
0.005 Hz at 6 points per decade using an amplitude of ±10 mV. EIS data was analyzed and a global
polarization resistance (Rp) was determined using the equivalent circuit, shown in Figure 1.17, model and
fitting procedure as described in previous work [41,93,95]. A large value of global Rp signifies a low
1

corrosion current density (i ∝ R ) where the Rp has been shown to be the dominant term in Stern-Geary
p

determined Mg alloy corrosion rates [41].
Observations of the corrosion process were performed with a DinoliteTM digital microscope for
macroscopic images, and a Nikon® Optiphot-100 optical microscope for higher magnification. Real time
videos of the corrosion process on the optical microscope were captured with an AmScope MU-1000
CMOS camera. ImageJTM was utilized to determine FFC propagation rates across the surface and the
filament width from the real time videos acquired using optical techniques. A Zygo® white light
interferometer was used to measure filament depths. The change in length of the optically black corrosion
filaments (corrosion fronts) was measured every 5 to 10 seconds, yielding a lateral propagation rate, r
(cm/s), parallel to the specimen surface. After immersion, samples were rinsed with DI water and cleaned
via chromic acid (200 g/L CrO3) per ASTM G-1 to remove the specimen corrosion products [96].The
combination of these techniques allowed for corrosion rate determination based on filiform areas, depths,
and propagation behavior. All experiments and measurements were replicated a minimum of 4 times.
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An estimate of the Rp of a single filament in stage II and III is possible by conversion of the lateral rate of
propagation (r (cm/s)) determined for each stage to an anodic dissolution rate from the filament head in
the form of current density which is proportional to Rp. Faraday’s law was rearranged and used to yield a
current density based on the propagation rate in the x-z surface plane (y being lateral propagation of a
filament):

𝐀
𝒊 (𝒄𝒎𝟐)

=

𝒄𝒎
𝒓( 𝒔 )∙

(

𝒈
)
𝒎𝒐𝒍
𝒆𝒒
𝑪
𝒈
𝒏(
)∙𝑭( )∙𝝆( 𝟑 )
𝒎𝒐𝒍
𝒆𝒒
𝒄𝒎

𝑨𝑾 (

−𝟏

)

(5)

Hence a current density for an active head of a single corrosion filament may be determined from the
lateral propagation rate measured by optical microscopy where AW is the atomic weight of Mg, n is the
charge number that indicates electrons exchanged within a dissolution reaction for Mg (n = 2), F is
Faraday’s constant, and ρ is the density of Mg. Using the Stern-Geary expression and B = 0.036 V
justified from the literature [41,95], the electrochemical polarization resistance of a single filament or
corroding front, RFFC (Ω-cm2), can be determined by the corrosion current density in A/cm2.
RFFC (Ω-cm2) =

𝐁 (𝐕)
𝐢(

𝐀
)
𝒄𝒎𝟐

(6)
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1.6.3 Evolution of electrochemical behavior of AZ31B at OCP
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Figure 1.18: One set of representative data for the OCP, percent coverage of filiform-like corrosion
product, and EIS estimated global Rp plotted versus time of the AZ31B-H24 alloy immersed in 0.6 M
NaCl is shown in (a). Representative optical images of the different corrosion stages occurring on AZ31B
with time are shown in (b) to (d), correlated back with the plot in (a).
The OCP, percent coverage of black filiform-like corrosion product, and global Rp (the parallel Rp of
passive areas and local corrosion activity) measured by EIS are plotted as a function of immersion time in
Figure 1.18a. The OCP, which is close to -1.7 VSCE , increases quickly to a peak at -1.57 VSCE within the
first 10 minutes, termed stage I1. Stage I signifies an incubation time required prior to initiation of
localized corrosion on a nominally passive Mg surface, described in the previous section. The global Rp
measured by EIS of stage I was observed to be ~ 900 Ω-cm2, with the impedance spectra indicating two
1

The use of the terms for each regime of FFC, stage I, II, and III, were adopted from Krebs et al. [33].
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distinct capacitive loops, as observed in Figure 1.19, and no signs of inductive behavior [41,92,93,95].
This suggests that corrosion of the partially passive native oxide dominates the initial electrochemical
response for Mg alloys. Stage I corrosion is shown via the macroscopic time lapse image in Figure 1.18b.
In this image, large, stable bubbles of H2 are observed on the surface. Typically the bubbles are attached
to the randomly distributed constituent Al-Mn particles on the order of 5 µm in size found throughout the
microstructure. The gas bubbles are then observed to decrease in size and evolve as streams of H 2 upon
breakdown of the oxide, signifying the initiation of local FFC.
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Figure 1.19: Representative impedance spectra for stage I, stage II, and stage III corrosion with raw data
shown as symbols and after simulation using the equivalent circuit by King et al. as a line. Data is
presented as a Nyquist plot in (a) and as a Bode phase plot in (b).
Breakdown of the native oxide film typically occurred after ~10 minutes of immersion and initiated near
one of the large Al-Mn particles, as observed in previous work [29]. This regime of corrosion, termed
stage II, is characterized by a stable OCP at -1.59 VSCE (Figure 1.18a) and the initiation of thin,
individual corrosion filaments that propagate across the surface in an arborescent nature, Figure 1.18c.
During stage II, the global Rp measured by EIS, was observed directly after the initiation of FFC. The
resistance decreased in magnitude to ~ 200 Ω-cm2 after 1,000 seconds and continued to decrease in
magnitude throughout the duration of stage II, reaching a local minimum, indicating a faster dissolution
rate with time. Upon initiation of stage II, the global Rp reflects the parallel Rp of active filament heads,

33

inactive filament tails, and passive areas. After completion of stage II, the OCP increased to an average of
-1.57 VSCE with severe fluctuations in potential.
The rate of corrosion product coverage was observed to slow at the end of stage II with black corrosion
product covering ~78% of the surface (Figure 1.18a). Complete coverage of the 1 cm2 exposed surface
with dark corrosion product was observed after ~24 hours of immersion. In general, complete coverage
by dark corroded regions is assumed when stage II is completed, however silvery regions persist in
between the shallow penetrating filaments [12,92]. The α-Mg, not yet affected by FFC, remains silver in
color and has developed a thin, uniform corrosion product at this stage, made of MgO (inner layer) and
Mg(OH)2 (porous outer layer) [23,32,94,97]. The black corrosion product is where deep localized
corrosion occurs, hence complete coverage of the surface by the localized corrosion morphology should
be distinguished from the still, silvery regions, where more uniform and a lower rate of corrosion is taking
place.
The final regime of FFC is termed stage III, shown by the macroscopic image in Figure 1.18d. For stages
II and III, the impedance spectra were similar in nature with the loss of the distinct oxide film capacitance
from stage I and the development of inductive behavior. The corrosion product of stage III transitioned to
an optically darker corrosion morphology than that observed in stage II. Moreover, the global R p
measured by EIS typically increased to more than double the minimum values determined for stage II.
The darker color and shift in Rp in stage III suggests a change in the corrosion mechanism after stage II,
governed by changes in the exposed alloy surface and solution chemistry. A thicker corrosion product and
rougher surface morphology are associated with this stage of corrosion.
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1.6.4 Evolution of localized corrosion morphology of AZ31B at OCP
Further characterization of stages II and III are shown in Figure 1.20 with videos available online in
reference [30]. In Figure 1.20a, a corrosion filament is observed in the bottom left of the micrograph
showing streams of H2 bubbles emanating from around the filament head. This H2 stream continued in
Figure 1.20b along with propagation of the corrosion filament. However, H2 evolution at the head of the
advancing filament terminated while the filament continued to propagate, as shown in Figure 1.20 b, c
with an 8 second delta. An outline of the prior location of the filament shown in Figure 1.20b is placed
on the image in Figure 1.20c to illustrate advancement of the filament. In this time frame, this is the first
time that an advancing filament has been captured on video without the presence of a H2 stream
emanating at the corrosion front. In addition, filament propagation without H2 streaming from a filament
head was observed at higher frequencies when samples were immersed in more dilute NaCl solutions
such as 0.1 M and 0.01 M NaCl [30]. The lack of H2 evolution at the front of an advancing filament could
stem from the time it takes H2 gas to build up underneath the intact oxide/hydroxide film of the Mg

Figure 1.20: A time lapse of 15 seconds for filaments from stage II propagating across the AZ31B
specimen, polished to a colloidal finish, after 1 hour of immersion in 0.6 M NaCl is shown in (a) to (c). A
time lapse of 240 seconds for a stage III corroding front, propagating across the as-received AZ31B
specimen, polished to a colloidal finish, after 5 hours of immersion in 0.6 M NaCl is shown in (d) to (f).
A supplemental video is available for both sets of images.
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matrix, followed by the rupture of the film and a burst of H2 gas into the solution. Lower NaCl
concentration solutions would observe this more frequently because of slower cathodic kinetics leading to
longer times required to reach a critical amount of H2 gas under the corrosion product. This response
would be similar in nature to the rupture of blisters during the pitting corrosion of Al [98,99,100].
However a final burst of H2 is often not observed when the filament is shown to completely stop
propagation as in Figure 1.20.
The Mg filament propagation theory put forward by Curioni et al. regarding a “remote anodic current”
may explain a filaments ability to shut off without any observable H2 evolution at the filament head
[92,93]. Here a filament has formed a supporting galvanic couple with a cathodic site some distance away
from the filament head, leading to an alternate location for H2 evolution to occur. The lack of H2 at the
filament head would prevent H2 build up and the burst of gas to occur preventing the cracks through the
filaments corrosion product. Prevention of these cracks could limit fresh neutral pH and Cl- rich bulk
solution from entering at the filament head potentially leading to the stopping of the filaments
propagation. Such a mechanism would coincide with other FFC mechanisms for Al and steel alloys where
the solution at the anodic filament head is made more acidic than the bulk solution via a differential
aeration cell (O2 depletion at the filament head). The mechanism for Mg would be similar however the
bulk solution in this case would be at a lower pH than the OH- rich solution generated at the filament tail
where the cathodic reaction primarily occurs. Fresh bulk solution consistently introduced at the filament
head would then be required to keep the filaments propagating and limited corrosion product rupturing by
H2 gas could prevent this condition from being met.
Stage III propagation is shown in Figure 1.20d-f where FFC propagated between the previously corroded
filaments from stage II and appear to span the width of previously corroded filaments. The large area
covered by the filaments in stage III will be referred to here as a “corrosion front” as they act similar to
the radial propagating corrosion fronts observed on low purity Mg when immersed in higher (> 0.1 M)
concentrations of NaCl solutions [31]. This corroding front also accompanied rapid H2 evolution
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produced across a more confined area necessitating the use of a lower magnification lens. The appearance
of rapid H2 evolution produced at the corrosion fronts during stage III relative to the shallow filaments of
stage II prompted investigation of lateral propagation rates for each stage.

1.6.5 Filament volume dissolution rates of AZ31B at OCP
From the videos found in reference [30], Figure 1.20, and additional experiments, FFC propagation rates
were determined for stage II, III by ImageJ analysis. White light interferometry measurements determined
the depth of penetration for corrosion filaments. A backscattered SEM micrograph of the surface is shown
in Figure 1.21a, with stage II, III filaments present. Figure 1.21b is the corresponding white light
interferometry measurement of the area in Figure 1.21a revealing penetration depth of stages II, III
filaments after the specimen was cleaned of corrosion product. The yellow pixels in the interferometry
map were typically observed for areas corroded during stage III because of small high aspect ratio
features present on the chromic acid cleaned surface. White light interferometry has difficulty obtaining
information when sharp pit like features are present.

a)

b)

100 µm

Figure 1.21: Backscattered electron micrograph of the as-received AZ31B specimen after 5 hours of
immersion in 0.6 M NaCl is shown in (a). A white light interferometry topography map of the
corresponding area from (a) after chromic acid cleaning is shown in (b), revealing penetration of
stage II versus stage III filaments.
The propagation rates were determined for individual filaments in stage II. Each filament was found to
propagate parallel to the surface at a rate rII = 1.5 ± 0.5 μm/s with an average width of 11 ± 4 μm and
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depth of 2.6 ± 0.6 μm. For stage III, the FFC propagation rates were determined by measuring the length
of each propagating corroding front which moved across the surface with time, yielding a similar
propagation rate in stage III with rIII = 1.5 ± 0.3 μm/s with an average FFC depth of 7.3 ± 3 μm. The
corroding fronts are similar to the propagation observed for pure Mg when radial corrosion takes place
[12, 30]. Except that, in this case, these fronts of corrosion activity are bound by the previous FFC
filaments from stage II. The width of stage III corroding fronts ranged from several μm to several
hundreds of μm as the spacing between stage II filaments dictated their width.
From the above analysis, a “volume loss” rate of corrosion may be tabulated for stages II and III. In stage
II, an average propagation rate of a single filament was 43 µm3/s. For stage III, a volume loss rate for a
broad corroding front was determined with a width of 450 µm and found to be ~ 4,900 µm3/second. The
width chosen for stage III is from numerous video observations where between one to five corroding
fronts were active on the surface after 5 hours of immersion and the combined width of the fronts was
approximated at ~ 450 µm. From previous work, mass loss over a 24 hour period in 0.6 M NaCl was
0.0024 g or 0.6 µm/hr [95]. However, the depth of penetration for filaments far exceeds this upon FFC
initiation after 10 minutes in stage II, at 2.6 µm, and after 5 hours the average penetration was ~ 3 µm. In
contrast the penetration depth is greater than 7 µm from interferometry data in stage III. As a result,
assuming uniform corrosion of Mg substrates across the entire surface can greatly underestimate the true
corrosion depth.
For a single filament in stage II and the corroding fronts of stage III, an R FFC can be estimated using the
average lateral propagation rate of 1.5 µm/sec with equations (5) and (6) to be 0.02 Ω-cm2, assuming the
Stern-Geary approach is valid. Using the average propagation rate for each stage does not account for the
discrimination between the two different corrosion morphologies and depths observed. However it is
possible to speculate the surface coverage (θ), or area, of active filament area and can for the first time be
measured from knowledge of RFFC from equations (5) and (6) and global Rp from EIS on the whole
specimen:
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(7)

The θ value is the area of active global anodic region, area where intense Mg dissolution is occurring,
associated with all active filaments for stage II or the area of all active corroding fronts in stage III. The
𝑝𝑎𝑠𝑠𝑖𝑣𝑒 𝑓𝑖𝑙𝑚

𝑅𝑝

= 900 Ω-cm2 and assumed to be constant at all times. In Table 1.6, the theoretical global Rp

is determined by varying θ. This revealed that a surface coverage of active sites between 0.0002 and
0.0005 is required to produce a similar decrease in EIS measured Rp as observed in stage II (i.e. from 900
to 200 ohm-cm2). For stage III, the EIS determined Rp was correlated to a slightly lower θ of around
0.00003. This approach further revealed the actively corroding area, filament head area, and the low
impedance of a few rare active sites dictates the global electrochemical response of a locally corroding
Mg surface. At any one time only a very small fraction of the filaments are actively corroding as
supported by the videos and this could be followed over time. Moreover, it merits comment to note that
𝑝𝑎𝑠𝑠𝑖𝑣𝑒 𝑓𝑖𝑙𝑚

the results were insensitive to plausible variations in the passive film 𝑅𝑝

impedance suggesting

that the surface coverage of the actively corroding area can be accurately assessed when active sites have
such a low impedance such as previously observed in the case of Al pitting [101,102]. This analysis is
impactful because it indicates that FFC sites propagate at high rates, similar to pitting corrosion in other
metals and that such a small area fraction is active at any one time that a reassessment of cathode area and
kinetics is justified and necessary. The global EIS measured is the composite impedance of a few active
sites propagating at high rates while the balance of the Mg alloy surface corrodes at a low rate. However,
the global Rp measured by EIS matches mass loss and H2 evolution even though it is a composite
impedance between two distinctly different sites. The EIS-mass loss-H2 evolution correlation is not
invalid but the system is far from a uniform type corrosion.
Due to the rapid and violent evolution of hydrogen during the corrosion of AZ31B-H24, careful in-situ
analysis is an essential element to fully understand the corrosion mechanism in operation. The results
from the investigation on FFC of the AZ31B-H24 alloy will be utilized to examine the impact laser
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processing has on the corrosion response of the Mg alloys here.

Table 1.6: Overall or global Rp estimated by varying coverage of active
2
corrosion sites assuming R
= 900 Ω-cm .
passive
2

Theta, θ (coverage in cm )
0
0.00001
0.00005
0.0001
0.0002
0.0003
1

2

Propagation rate estimated global Rp [Ω-cm ]
900
621
277 (average value in stage III)
164
90 (lowest value in stage II)
62
0.02

1.7 Techniques to reduce the density of secondary phase particles
Many techniques have been employed to dissolve the secondary phase particles present in Mg alloys or
inhibit their formation all together [26,37,38,103,104,105]. Initial studies utilized non-equilibrium
techniques such as splat quenching and melt spinning to generate high cooling rates of the Mg alloys
[37,38]. Rapid quench rates have been shown to prevent the formation of secondary phase particles and
extend the solid solubility limit of alloying elements in Mg alloys, as well as other alloy systems
[103,104,106,107,108]. In recent years, the utilization of lasers has increased due to the ability to modify
the surface by inducing complete melting and subsequent rapid cooling while limiting the impact on the
underlying bulk properties [104,109,110]. That said, many of these investigations have shown mixed
results with respect to improving corrosion resistance as well as achieving chemical homogeneity
[104,111,112]. One of the more complete studies performed by Coy et al. utilized an excimer laser to
modify the AZ91D alloy leading to significant chemical homogenization at the alloys surface and an
increase to the alloys corrosion resistance for ~6 hours after full immersion in 0.6 M NaCl [104].
However, the laser modification was observed to form solute bands within the melted surface. In addition,
no correlation was explicitly investigated between the laser modified microstructure and the resulting
corrosion response. This lack of complementary investigations, which elucidate the changes to the alloy
microstructure and resulting corrosion response, identifying the microstructural factors which control the
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initiation and propagation of localized corrosion, has yet to be performed for laser processed Mg alloys.
In addition an extensive study regarding the optimization of laser processing parameters which maximize
the chemical homogeneity and explicate the homogenizing mechanisms of a Mg alloy has also yet to be
performed.

1.8 Knowledge gaps


Many of the investigations on the laser processing of Mg alloys fail to explain a mechanism for
secondary phase particle dissolution in the alloy. These mechanisms will be elaborated on
through careful experimental analysis with the scanning electron microscope along with support
from analytical calculations.



All investigations regarding the corrosion of excimer laser processed Mg alloys observe the initial
stages of corrosion with minimal analysis of their longevity in corrosive environments. This
thesis will address the corrosion response for a series of laser processed Mg alloys beyond the
initiation of FFC and provide a mechanistic understanding regarding chemical homogenization
and the onset of FFC. The controlled dissolution of the smaller (below 250 nm) secondary phase
particles will also be investigated to describe their contribution to the corrosion process.



There are a range of corrosion products capable of forming during the corrosion of Mg and its
alloys, however, an explanation of why phases such as layered double hydroxides (LDHs) form at
the surface has not be explicitly investigated. A thermodynamic approach to describe corrosion
product formation for Mg alloys during atmospheric exposures will be provided along with
testing of laser processed alloys to examine the impact of local composition on corrosion product
formation.



A potential use for laser processing is as a precursor to conversion coatings, utilizing it as a
homogenization technique which may result in uniform deposition of the coating, minimizing
coating defects. However, many of these coating techniques, such as conversion coatings/plasma
electrolytic oxidation, would consume the laser processed layer and reduce the benefits of the
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homogenized microstructure. An investigation will be provided regarding a physical vapor
deposited (PVD) passive film onto the chemically homogenized laser processed Mg alloy with a
focus on the coatings ability to compliment the homogenized surfaces reduced cathodic activity.

1.9 Thesis objectives
This thesis took a multifaceted approach to minimizing the localized corrosion and overall corrosion rate
for a series of Mg alloys presented in Table 1.2; AZ31B-H24, AZ91D, and AM60B. The initial thrust of
the work looked to homogenize the surface microstructure of each alloy through excimer laser processing.
The objective was to investigate the effect laser processing has on the extent of secondary phase particle
dissolution for each alloy, with a focus on the mechanism of particle dissolution. The laser processing
parameters were also optimized for maximum chemical homogeneity and minimum cathodic corrosion
kinetics. The AZ31B-H24 alloy was primarily used for these studies because of the abundance and size of
high melting temperature constituent secondary phase particles making it the most difficult of the alloys
to homogenize.
The second thrust investigated the corrosion response of the laser processed Mg alloys, observing the
benefits of laser processing on the alloys through improved imaging and an improved suite of
electrochemical techniques in full immersion of stagnant 0.6 M NaCl solution. The first objective was to
compare the global corrosion resistance of the as-received alloys and the laser processed alloys through
electrochemical measurements. The second objective observed the local corrosion behavior on each alloy
surface, focusing on the initiation of FFC and the change in the corrosion product depending on the
surface microstructure.
The third thrust of this thesis was to develop a coating scheme which would work with the chemically
homogenized surface of the AZ31B-H24 alloy, extending the time to initiation of FFC. A coating
consisting of two different oxide/hydroxide layers was developed, both of which are stable at high pH.
The first layer was determined to be MgO/Mg(OH)2 and the second layer was of Gd(OH)3. When applied
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to the laser processed AZ31B alloy, the time to initiation and polarization resistance was increased 3 fold
on average when immersed at its freely corroding potential in stagnant 0.6 M NaCl.
The final thrust observed an artificial atmospheric exposure of the Mg alloys using the ASTM B117 salt
spray test. The atmospheric corrosion study revealed a change in the corrosion product on the laser
processed alloys in the form of the more uniform coverage of a protective and stable LDH phase. This
corrosion product developed primarily because of the distribution of Al and more uniform corrosion
formation across the surface for all laser processed alloys.
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Chapter 2: Al containing Mg alloy’s secondary phase dissolution by
excimer laser processing
2.1 Background on laser processing for Mg alloys and objectives
Researchers have sought to improve the corrosion resistance of Mg alloys by non-equilibrium,
homogenization processes [1,2,3,4,5,6]. The use of high quench rate techniques such as melt spinning,
laser processing, and splat cooling have been explored with mixed results [7,8,9]. Early work on the
extension of the solid solubility (SS) limit of alloying elements in Mg was performed on binary Mg-X
systems with such techniques [7,8,9]. The SS limit of 24 alloying elements was extended, including X =
Al, Zn, and Mn. In general, non-equilibrium processed materials have shown an improvement in
corrosion

resistance

in

comparison

to

conventionally

processed

bulk

material

[3,4,5,6,8,

10,11,12,13,14,15,16,17,18]. However, techniques such as melt spinning and splat cooling are typically
used experimentally to explore high quench rate conditions to attain extended solid solubility. In an
attempt to create non-equilibrium microstructures through rapid quenching at a materials near surface
regions, laser processing has been implemented to modify numerous material systems for industrial
applications with the purpose of enhancing wear and corrosion resistance at the surface while retaining
the underlying bulk materials properties and functionality [19,20,21,22].
The majority of the previous research on laser processing of Mg alloys has utilized continuous wave
(CW) or pulsed lasers with millisecond (ms) pulse durations which result in the formation of melt depths
ranging from 100 μm to 1000 μm whilst limited to quench rates of 105 K/s and yielding large heat
affected zones on the order of 400 μm [14,23,24,25,26]. CO2 laser irradiation of AZ31, AZ61 and WE43,
all reported a melt depth of approximately 1000 μm and a decrease in corrosion rate, determined by mass
loss [23]. The improved corrosion resistance was attributed to reduced grain size and a more uniform
distribution of secondary phases, with minimal oxidation and loss of Mg from laser processing [23]. CW
Nd:YAG surface melting of ZE41 yielded a melt depth of approximately 250 μm with little to no
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improvement in corrosion resistance, largely attributed to an increase in surface roughness as well as
negligible improvement in corrosion observed from Zn in solid solution with Mg [24]. A decrease in
corrosion resistance is frequently ascribed to the combined effects of increased surface roughness and the
preferential evaporation of Mg in the modified layer [14,24,26]. In general, it also merits comment that
the large heat affected zone (HAZ), when combined with the high thermal conductivity of Mg will result
in a modification of the bulk mechanical properties [27,28].
Chemical homogenizing effects have been achieved through the rapid quench rates produced by
nanosecond (ns) laser pulses [5,6,15,29]. In comparison to CW and ms pulse duration lasers, materials
processed on the order of ns are capable of attaining quench rates on the order of 106 to 1011 K/s, which is
sufficient for chemical homogenization with melt depths on the order of 500 nm to ~70 μm with a
reduced heat affected zone [6,12,30,31,32,33] These melt depths result in little or no impact to the
underlying bulk properties. Research in the area of ns laser processing of Mg alloys has revealed
microstructures with secondary phase dissolution and a fine grained structure. Coy et al. demonstrates
significant dissolution of the secondary phase, β-Mg17Al12, present in AZ91D, verified by multiple
characterization techniques including cross-sectional scanning electron microscopy (SEM), X-ray
diffraction (XRD), and scanning kelvin probe force microscopy (SKPFM) [5]. Similar results were
obtained regarding secondary phase dissolution by ns laser processing of Mg alloys WE43 and ZE41 by
Khalfaoui et al. and Guo et al., respectively [6,34]. These homogenized surfaces were shown to be largely
free of segregation and secondary phases resulting in an improvement to the alloys corrosion resistance
[5,6,10,35].
For a non-equilibrium processing technique to chemically homogenize the heterogeneous microstructure
found in a Mg alloy, the complete melting of all phases at the alloy surface followed by rapid quenching
is typically required, solidifying alloying elements into a saturated solid solution with the primary phase,
in this case α-Mg. Few researchers address other dissolution mechanisms that may occur during laser
processing in this time regime which can impact homogenization [5,6,34,35,36,37]. A potential
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mechanism which will result in significant liquid mixing during high powered laser processing is the
plasma induced pressure wave which develops after ablation occurs on a materials surface
[10,30,31,30,31,32,38,39]. The development of a plasma at the surface leads to an intense pressure (>20
MPa) to act on the melted surface during processing, resulting in material transport of the melted layer
away from the center of the laser spot [30,31,38]. Previous studies verify the peak plasma pressure and
the peak surface temperature to occur at similar times and result in the ejection of liquid material away
from the center of the laser spot on the order of several µm per pulse, depending on laser fluence (energy
density).
When mentioned in the Mg and Al alloy literature, the pressure wave mechanism is said to cause
numerous defects such as voids and cracks [5,10]. In addition the roughening and cracking at the surface
often occurs in proximity to the laser pulse overlapped regions, i.e. areas where the plasma pressure wave
is primarily acting. That said, the macroscopic surface defects that develop within the modified layer is a
result of the high laser fluences (energy density) typically used, leading to lessened improvement to the
corrosion resistance [5,10,11,15].
The laser fluence is the primary parameter influencing the melt lifetime and heating for increased
diffusion of the solute into the Mg matrix [30,32,40,41]. The selected laser fluence will determine a
number of important processing conditions, namely the surface melt duration, melt depth and peak
temperature. Resulting conditions often dictate how effective laser processing will be at dissolving
secondary phases into the surrounding Mg matrix as well as the severity of surface defects formed. One
way to increase the effective diffusion time is by increasing the irradiation dosage, pulse per area (PPA),
hence increasing the total number of rapid heating and cooling events [5].
In many cases, an increase in fluence and/or PPA leads to more defects at the surface in the form of voids,
cracks, and increased roughness [5,10,11,34]. For Mg alloys, the production of voids is often attributed to
the peak temperature exceeding the vaporization temperature of Mg and Zn causing preferential
evaporation. Relatively high laser fluences can produce temperatures on the order of 103 K, promoting
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evaporation of material from the Mg alloy. Voids have also been attributed to the trapping of gas from the
atmosphere caused by surface turbulence of the melted region during laser processing [5,15,42]. If the
processing fluence is high enough to cause voids, both previously described effects will be amplified with
added PPA. Hence, the proper selection of laser fluence has a major impact on the corrosion performance,
with lower fluences (1 J/cm2) leading to less defects in the surface and a more increase to the corrosion
resistance [12,29,33].
This chapter looks to characterize the secondary phase particle dissolution mechanisms afforded by
excimer laser processing of the AZ31B-H24 alloy. This alloy was chosen for its large range of secondary
phase particle size, to discern the extent of particle alteration throughout the entire surface [12,29]. First a
general analytical approach will be explored to estimate the extent of secondary phase dissolution
incorporating diffusional and plasma pressure effects. Second, experimental results will be provided to
corroborate the analytical calculations, revealing the homogenization of the alloys microstructure with
scanning electron microscopy analysis for secondary phase particles down to a resolution of 5 nm. Finally
a processing parameter study will be used to explore the low fluence parameter space along with
processing pressure and pulse per area (PPA). These empirical processing parameters control the lasers
heat incorporation and the plasma induced pressure wave which subsequently dictates the dissolution of
secondary phase particles.
Hypothesis to be tested: If an excimer laser fluence is chosen so the temperature at the surface of a Mg
alloy reaches ~100oC above the melting temperature of the secondary phase particle with the highest
melting temperature, then through the addition of pulse per area the microstructure at the surface of the
Mg alloy will become chemically homogenized.
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2.2 Experimental set-up for excimer laser surface processing
2.2.1 Processing chamber design and capabilities
The processing chamber, shown in Figure 2.1, was utilized for all laser processing and allowed for
control of the pressure, gas flow, pulse overlap, and PPA [29]. Ar gas (99.998%) was used in order to
mitigate oxidation at the surface of the Mg substrates. Gas flow was controlled by a manual flow meter.
Pressures below atmosphere were controlled by a roughing vacuum and a fine ball valve to allow for a
graduated feed of Ar during processing with an ultimate pressure capable of 1 x 10-2 Torr. Pressures
above atmosphere were controlled by the Ar flow rate (~20 liters per minute) and a pressure relief valve
with the maximum achievable pressure being 1280 Torr. Sample translation was accomplished with a
Newport linear actuator.

KrF Excimer laser
(λ=248 nm, pulse
duration=25 ns)
1 inch aperture
Window
Cylindrical focusing lens
Irradiation
chamber
Vacuum
Gas out to
pressure valve

Gas in
Substrate

Lab air

Melted layer

Linear actuator
Figure 2.1: Schematic of laser processing chamber showing general flow of Ar as well as where and how
pressure is controlled.
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A KrF excimer laser (λ = 248 nm, pulse duration = 25 ns FWHM) was utilized with a cylindrical lens
focused to a spot size of 28 mm x 1.0 mm, measured by burn paper and an optical microscope. The focal
distance was fixed and the energy of the laser was varied to attain the desired laser fluence. The sample
stage was translated during processing which yielded an overall effected area of 28 mm by 59 mm. The
speed of translation was varied to control the pulse overlap which was consistently at 50%. The number
of times a given sample region was translated in front of the laser determined the overall irradiation,
known as pulse per area (PPA).
2.2.2 Choice of processing parameters
The laser fluences were carefully selected based on the ablation threshold of the AZ31B alloy so the
impact of ablation on secondary phase particle dissolution could be investigated. The term “ablation
threshold” here is in reference to the limiting fluence required to produce a plasma, we will not
distinguish if this plasma stems from an evaporation or ablation mechanism. The ablation threshold was
experimentally determined using a Q-stickTM optical emission spectrometer (OES) [43]. An AZ31B
specimen was irradiated over a range of fluences in an Ar background pressure of 1 x 10-2 Torr, as shown
in Figure 2.2. A fluence of 0.7 J/cm2 was determined to be below the ablation threshold. Peaks observed
in Figure 2.2 are from the optical emission of Mg (λ = 390, 530, etc.) and background peaks from
ambient lab light [43].
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Figure 2.2: The optical emission spectra of AZ31B-H24 sample surface at a pressure of 1x10-2 Torr
during laser processing. Peaks indicate elements present in the ablation plume (0.8 and 1.5 J/cm2
fluences) or the spectra from ambient light entering the chamber (background and 0.7 J/cm2 fluence).
2.2.3 Surface temperature calculation by simulated laser interactions with materials (SLIMTM)
To better understand the phenomena and morphologies due to laser processing, simulations to determine
the surface temperature achieved during processing were performed. The SLIM software [40,41] was
utilized to determine the surface temperature profiles with respect to time during the 25 ns pulse of a KrF
excimer laser on a pure Mg substrate, shown in Figure 2.3 at fluences of 0.7, 0.8, and 1.5 J/cm2. The
thermodynamic data used for the SLIM calculations are shown in Table 2.1 as well as the melting and
vaporization temperature of pertinent phases (γ-Al8Mn5 and β-Mg17Al12) [44,45,46,47,48]. It is important
to note the values in Table 2.1 are all for pure Mg, while the values for alloys, such as AZ31B and
AZ91D, will be slightly different, in particular the properties such as thermal conductivity [49,50]. Using
the simulation data as a starting point for the OES analysis, melting and ablation regimes were
established, consistent with the high vapor pressure of Mg (~10 Torr at the melting temperature) and Mg
high thermodynamic susceptibility to oxidize [51,52].
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Figure 2.3: Surface temperature versus time plots produced by SLIM simulations at various KrF
excimer laser fluences on a pure Mg substrate. Horizontal lines represent melting or boiling temperature
of important phases.

The fluences utilized may be split into three categories to help describe and distinguish between their
microstructural and corrosion modifications. For a fluence of 0.7 J/cm2, no ablation or melting should
occur. For a fluence of 0.8 J/cm2, ablation and melting of the Mg matrix would have occurred for a very
limited time based on the SLIM calculations in Figure 2.3. Finally for a fluence of 1.5 J/cm2, significant
ablation and melting of both the matrix and all secondary phase particles should occur.
Besides laser fluence the other processing parameters investigated were PPA and processing pressure.
The PPA was chosen to investigate the impact of melt cycles on the dissolution of secondary phase
particles ranging from a single pulse of the laser to 400 PPA. Varying processing pressure was utilized to
reveal its impact on the plasma pressure wave.
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Table 2.1: Thermodynamic data used in SLIM calculations of pure Mg and the
melting temperatures of pertinent secondary phases.
Parameter
Value
Unit
Melting temperature

923

K

Boiling temperature

1380

K

Latent Heat of Melting

655.2

J/cm

Latent Heat of Vaporization

8,532

J/cm

Thermal Conductivity

1.55

W/cm.K

Reflectivity (500 nm)

0.72

Absorption Coefficient (248 nm)

3
3

1,013,416

1/cm
-3

Heat Capacity – Solid

26.2 T – 1.01 x 10 T –
5 -2
-6 2 J/mol.K
1.6 x 10 T + 8.4 x 10 T

Heat Capacity – Liquid

213 T – 2.1 x 10 T –
7 -2
-5 2 J/mol.K
3.5 x 10 T + 5.6 x 10 T

-1

Secondary phase melting temperatures
β – Mg12 Al17

728

K

Φ – Mg6(Al,Zn)5

663

K

1,321

K

γ – Al8Mn5

2.3 Analytical calculations to estimate secondary phase particle dissolution
2.3.1 Diffusion effects (random walk)
The approach for estimating diffusional effects here will be based on a first approximation from random
walk processes, to estimate the diffusion of a solid into a liquid [53]:
𝑐𝑚2

𝑑(𝑐𝑚) = 2.4 ∙ √𝐷 [ 𝑠𝑒𝑐 ] ∙ 𝑡[𝑠𝑒𝑐]

(1)

Random walk diffusion was chosen based on the temperature profiles generated in Figure 2.3, revealing
the surface of the alloy will be well above the melting temperature for pure Mg for ~ 50 ns for a fluence
of 1.5 J/cm2. The random walk process will approximate the case of the elements present in a solid, most
Al-Mn secondary phase particles, diffusing into the liquid Mg with use of proper diffusivity constants.
For the fluences with peak temperatures closer to the melting temperature of pure Mg, 0.7 and 0.8 J/cm2,
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the random walk process will still be used, however, the diffusivity constant for solid state diffusion will
be utilized.
For a majority of the secondary phases, this assumption will underestimate the melting time of the
secondary phases. Specific phases such as β-Mg17Al12 or the Φ-Mg6(Al,Zn)5 phases readily melt prior to
melting the Mg matrix [44,47,48]. The secondary phase particles containing only Al and Mn (and for a
small fraction Fe) are of a major concern, as these phases show the lowest degree of melting and solidliquid diffusion where the melting temperature for γ-Al8Mn5 is ~ 500oC above pure Mg [44]. As such, the
calculations presented here are limited to diffusion of Al and Mn into liquid or solid Mg depending on the
fluence. In addition, the Al/Mn particles are present in two size regimes, below 10 nm and above 250 nm
in radius.
The diffusivity for Al was taken from literature where the diffusivity was determined for a solid piece of
Al which was allowed to diffuse into liquid Mg, determined both experimentally and computationally
[54,55,56]. The diffusivity for Al into liquid Mg ranged from D = 2.0 x 10 -5 to 2.0 x 10-4 cm2/sec for a
temperature of 1,000 K, largely dependent on the source of the diffusivity coefficient [54,55,56]. These
diffusivities are similar for other solid into liquid diffusivity constants [56,57]. For the solid state case, the
diffusivity of Al into solid Mg was found to approximately be 2.0 x 10 -9 cm2/sec at a temperature of 800
K, verifying that liquid Mg will enhance dissolution.
Taking equation (1) and the total time Mg will be liquid, estimated by the SLIM calculations to be 50 ns,
the distance the solid Al or Mn was estimated to diffuse into the Mg liquid is ~24 to 76 nm (depending on
the diffusivity). Therefore, as a first approximation, particles ranging from ~ 24 to 76 nm in radius should
be completely dissolved via diffusion effects for the 1.5 J/cm2 fluence. For the lower fluence range, if a
temperature around 800 K is assumed to persist for 50 ns, then the solute is estimated to travel 1.2 x 10-1
nm per pulse, three orders of magnitude lower than what is to be expected when the Mg surface is liquid.
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2.3.2 Plasma and recoil pressure
The plasma and recoil pressures which occur at the liquid/plasma interface contribute to material transport
during laser processing [38,39]. The pressures originate as a result of ablation/evaporation of the
substrate, which for the case of Mg, occurs at the onset of melting. The recoil pressure is produced in the
early stages of the expanding dense vapor, often associated with the Knudsen layer, and may be estimated
to be roughly half of the saturated vapor pressure [32,57]. The solution for the saturated vapor pressure is
from the Calusius-Clapyron equation:

𝑝𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑣𝑎𝑝𝑜𝑟 = 𝑝𝑜 𝑒

𝛬
1 1
[− 𝑏 ∙ ( − )]
𝑅

𝑇 𝑇𝑏

(2)

𝑝𝑟𝑒𝑐𝑜𝑖𝑙 = 0.54 ∙ 𝑝𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑣𝑎𝑝𝑜𝑟

(3)

The ambient pressure, po, is taken as the processing pressure of 0.11 MPa, the heat of vaporization, Λ b,
for pure Mg is 128 kJ/mol, and R is the gas constant [45]. The equilibrium boiling temperature, Tb, for
pure Mg is 1380 K and the value for T was taken as the maximum achievable temperature as calculated
by SLIM, 1600 K. Based on these parameters, the recoil pressure, precoil, was estimated to be 0.3 MPa.
The plasma pressure is generated by the evaporated or ablated particles from the target substrate which
acts on the target surface for as long as the plasma is near the surface, typically on the order of 10 ns
[58,59]. The pressure is proportional to the laser irradiance, with a higher irradiance increasing the plasma
pressure the surface experiences, often on the order of 10 to 100 MPa [30,31]. The value of the plasma
pressure for the case of Mg was determined by the equation posed by Schaaf, which is adapted from
Raizer for a laser supported combustion (LSC) wave [31,60]:
1

2

(𝛾−1)(𝛾+1)
2𝑊
𝛾 +1 3
3
] [ 𝑜2 ] [(𝛾+𝑊)(𝛾 −1−2𝑊)]
𝑜 −1
𝑜

𝑝𝑠𝐿𝑆𝐶 = [1 − 𝛾

1

2

∙ 𝜌𝑜3 ∙ 𝐼𝑜3

(4)

2

with 𝑊 = 0.009 ∙ 𝐼𝑜3 as a dimensionless particle velocity and 𝐼𝑜 in MW/cm2. The parameters for the 𝑝𝑠𝐿𝑆𝐶
calculation are γo = 1.67 and γ = 1.2 as the adiabatic exponents of the processing gas and metal vapor,
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respectively, ρo = 1.78 kg/m3 is the gas density, and Io (for a laser fluence of 1.5 J/cm2) is 60,000 MW/m2.
Parameters of the gas/plasma were similar to the case in Schaaf et al. resulting in an expected plasma
pressure of 49 MPa for a fluence of 1.5 J/cm2.
At the same time, plasma and recoil pressure components are acting on the Mg surface, which will be
liquid. The material transport of liquid Mg at the surface can be quantified by association with laser
drilling by von Allmen et al. and Luft et al. [30,61]. The material transport of the liquid metal was treated
as a non-viscous, incompressible fluid estimating the pressure distribution as a “top hat” profile as
depicted in Figure 2.4. The radial velocity of the liquid was calculated from the volume work of the
plasma and recoil pressures [31]:

𝑣𝑙𝑎𝑡 = √

2∙∆𝑝
𝜌

(5)

where Δp is the sum of the recoil and plasma pressures minus the ambient pressure, and ρ is the density of
the liquid being displaced, taken as 1,471 kg/m3 for liquid Mg [62]. Consequently the velocity of the
liquid Mg away from the center of the laser spot can be estimated as 250 m/s, resulting in the liquid
moving 13 µm per pulse if the Mg is liquid for 50 ns.
A schematic of the material transport may be observed in Figure 2.4 depicting the impact of the plasma
pressure, as well as suggesting where the Gaussian intensity of the laser spot will be acting. Figure 2.4
only illustrates the large Al/Mn secondary phases as these will be dominated by the plasma induced
material transport. Convective forces such as the Marangoni effect were disregarded for this analysis as
they have been shown to provide little impact on material transport [31].
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Figure 2.4: Schematic of the material transport afforded by the plasma induced pressure wave, adapted
from Schaaf and von Allmen [30,31]. The expected Gaussian distribution of laser intensity plot ted above
the schematic suggests what phenomena and extent of chemical homogenization may be afforded by a
single laser pulse.

2.4 Experimental approach to observing influence of laser processing parameters
The goal of the experimental approach was to observe how processing parameters influenced the
dissolution of the secondary phase particles present in the Mg alloys. The AZ31B-H24 specimens were
prepared in two ways prior to laser processing. Primarily, the AZ31B sheet would be cut to size with a
metal shear and ground to a 1200 grit finish using an ethanol based lubricant to prevent oxidation during
the grinding process. This specimen would then be laser processed within 30 minutes of the final grinding
procedure to minimize the time an oxide could grow on the specimen’s surface. The grinding and laser
processing procedures were used for the majority of the laser processing studies as well as corrosion
experimentation.
The second sample preparation route was utilized to determine the extent of secondary phase particle
dissolution for the smaller, below 250 nm radius, particle sizes. These specimen were polishing to a
colloidal finish (~50 nm) followed by a 5 second immersion in a solution of 2% nitric acid and 98%
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methanol to etch the Mg, exposing the secondary phases. This etching procedure was necessary since a
specimen polished to a colloidal finish would reflect a majority of the laser light. The 1200 grit finish (~9
µm) provided a smooth enough surface so a single laser pulse would yield no scratch marks while being
rough enough to absorb the laser light and promote melting.
A majority of the secondary phase particle dissolution, as well as other laser processing effects, were
observed by scanning electron microscopy (SEM). An FEI Quanta 650 SEM operating at accelerating
voltages ranging from 5 to 20 kV and a spot size of 4.0 was used with the secondary electron and
backscatter electron (BSE) detectors. The BSE imaging mode was the primary detector used to show
compositional contrast, typically observing a resolution of ~5 nm. The SEM was accompanied by an
Oxford energy dispersive spectroscopy (EDS) system to quantify compositional variations of all phases
present. The observation of laser processing effects to the secondary phase particle utilized an imaging
technique where a registration mark was used as a reference point on a specimen so the same area of the
specimen could be imaged before and after laser processing. Markings were made with a Vicker’s microhardness indenter.
ImageJTM particle size and counting analysis was provided to verify and quantify the degree of dissolution
afforded by laser processing. In general, the image processing used the SEM micrographs and converted
them to binary with a thresholding method. Thresholding was performed based on interpretation of the
micrographs to ensure the contrast observed was from a secondary phase and not any other feature (care
was taken for laser processed specimen as ripples disrupt this thresholding procedure). After conversion
to the binary format, the images were sent through the particle counting and measurement application in
ImageJTM yielding their size as well as a near neighbor distance (NND) application to determine changes
to secondary phase particle NND. This data was binned and plotted as a histogram to observe changes in
quantity, size, and NND of secondary phase particles present before and after laser processing.
Phase analysis on a select number of samples was performed by grazing incidence X-ray diffraction (GIXRD) utilizing a PANalytical X’Pert Pro MPD diffractometer with a Cu-Kα (λ=1.54 Å) source at a 0.5o
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incident angle (2.5 μm X-ray penetration depth). The volume fraction of secondary phase particles was
below the detection limit for the AZ31B alloy however this technique will be used to reveal oxidation
effects from laser processing as well as homogenization effects for other cast alloys which contained
higher volume fractions of the β-Mg17Al12 phase.
In addition, characterization of the corrosion response was used as a metric for chemical homogenization
of the microstructure. The particles of interest are known to be preferential sites for the cathodic reaction
therefore changes to the cathodic reaction rate, determined by cathodic polarization measurements, will
indicate qualitatively the extent of secondary phase particle dissolution afforded by laser processing. The
processing parameters were optimized around the cathodic polarization measurements, with the lowest
achievable cathodic current densities correlating to the “best” processing parameters.
Corrosion characterization was performed in a standard three-electrode corrosion cell with the base alloy
or laser processed surface as the working electrode (1 cm2 exposed area), a saturated calomel electrode
(SCE) as the reference electrode, and a platinum mesh counter electrode. Prior to corrosion testing, the
base alloy samples were ground to a 1200 grit finish while the laser processed specimens were used
directly. All corrosion experiments were performed at lab temperature ~25oC. A stagnant 0.6 M NaCl
solution (pH=5.2) was used for open circuit potential (OCP) measurements taken for 30 minutes. After
the OCP measurement a cathodic polarization measurement was taken which began by applying a voltage
20 mV above the working electrodes OCP and scanning at 1 mV/sec to -2.3 V vs. SCE.
All corrosion and microstructural changes were repeatable with at least 3 replications of a given result.

2.5 Experimental results
The as-received AZ31B-H24 microstructure is shown in Figure 1.10, at low (a) and high (b)
magnification. The low magnification micrograph in Figure 1.10a primarily shows the large Al-Mn
secondary phase particles, with radii larger than 125 nm, termed tier 1 for this discussion. These larger
particles, which form during casting, have the highest melting temperature of any of the secondary phases
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found in the Mg-Al alloys, and appear to have a random distribution, with occasional clustering. Figure
1.10b shows a higher magnification micrograph of a sample following a mild etch in nitric acid,
highlighting the irregularly shaped Al/Zn rich phase (β-Mg17Al12 or Φ-Mg6(Al, Zn)5) found near the grain
boundaries. These particles range in radius from ~ 15 nm to 250 nm and will be termed tier 2 particles. In
addition, Figure 1.10b shows the uniform distribution of sub-10 nm radius Al/Mn rich particles
throughout the grains, magnified in the inlayed image. The sub-10 nm Al-Mn rich particles have been
observed in other studies, termed tier 3 particles here, showing similar chemistry to the tier 1 Al-Mn
particles yet formed after rolling, during the heat treatment process.

2.5.1 General homogenization and laser processing effects with a laser fluence of 1.5 J/cm2
Studies to observe the potential for homogenization and dissolution of all secondary phase particles
present in the AZ31B microstructure by laser processing was performed utilizing a single pulse at a
fluence of 1.5 J/cm2 because the simulated surface temperature rose above the melting temperature of the
Al-Mn secondary phase particles. Backscattered electron (BSE) micrographs taken before and after a
single laser pulse are shown in Figure 2.5 revealing melting of all secondary phases, with particular
attention to the cluster of Al-Mn particles in Figure 2.5c.
The dissolution of the tier 2 and tier 3 particles was verified in Figure 2.5d after laser processing, at least
to the resolution limits of the SEM (~5 nm). The change to secondary phase particle populations is
observed in Figure 2.6. Binary images generated from the BSE micrographs in Figure 2.5a and c clearly
show a reduction in the number of sub-µm particles, from 2,201 to 317 particles after a single pulse from
the laser. These binary images shown in Figure 2.6 were analyzed using the particle counting application
in ImageJ and presented as histograms binned by particle radius in Figure 2.6c. Overall, the quantity of
secondary phase particles exposed at the AZ31B surface is reduced by 4 fold or more with the total
number of particles being reduced from a total of ~2,500 for the as-received condition to ~300 after a
single laser pulse. In addition, the nearest neighbor distance (NND) is also reported in Figure 2.6d
revealing minimal change to the distribution of the NND, with the primary emphasis on the dramatic
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reduction in quantity of secondary phase particles. The tier 1 particles show significant evidence of
melting and coverage by a “wave” of liquid Mg, but complete dissolution was rarely observed, dependent
on the size of the particle.
a)

b)

β-Mg17Al12

10 nm

Large
Al-Mn
particles

Al-Mn particles
5 µm

c)

1 μm
d)

5 µm

Remnants of Al-Mn
particles

1 μm

Figure 2.5: BSE micrographs taken with respect to a hardness mark reveal the dissolution of secondary
phases on multiple length scales. Low magnification micrograph in a) show cluster of tier 1 Al-Mn
particles and after 1 laser pulse, c), the partial melting of these particles and disappearance of the other
smaller observable particles. At higher magnification in b) smaller particles are revealed at sub-10 nm to
~200 nm, all of which are homogenized after a single laser pulse as shown in d).

The dissolution of the tier 3 secondary phase particles in Figure 2.5 correlate well with the calculations
based solely on solid/liquid diffusion with the assumption that a particle with a radius of 24 to 76 nm can
be completely dissolved. However, this diffusion case only takes into consideration the time where the
secondary phase particles are solid and the Mg is liquid. The majority of the tier 2 particles (15 to 250 nm
in radius) were also observed to dissolve after one laser pulse or be covered by the Mg liquid movement
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caused by the plasma induced pressure wave. The composition of the tier 2 particles was similar to that of
the Φ and β phases, both of which have a Tm below that of Mg. Hence melting would occur for all of
these particles along with the Mg matrix, leading to liquid mixing followed by rapid solidification.
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Figure 2.6: Binary images a) and b) of the low magnification micrographs from Figure 3 a) and c),
respectively. ImageJ particle size, c), and near neighbor distance (NND), d), analysis of a) and b)
represented as a histograms.
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Evidence of a plasma induced pressure wave is shown in Figure 2.7 which reveals the partial coverage of
a large tier 1 Al-Mn particle by Mg liquid during processing. The particle was partially covered by a 3
µm wide Mg-rich layer, covering about half of the initially exposed particle. In addition, the particle itself
exhibited rounded edges after the laser pulse, verifying melting of the particle and the entire surface of the
Mg alloy. The total effect of liquid mixing can further improve homogenization when coupled with the
plasma induced pressure wave. Partial coverage of the tier 1 particles was commonly observed
throughout the region of the laser spot where melting occurred as shown in Figure 2.7. The outward
material transport of the liquid Mg resulted in partial coverage of many tier 1 particles, observed to be
covered by a Mg layer ~ 3 µm wide, supporting the expected pressure wave calculations which suggested
13 µm per pulse for a fluence of 1.5 J/cm2.
a)

b)
Large Al-Mn particle

3 μm

1 µm

1 µm

Figure 2.7: BSE micrographs taken with respect to a hardness mark reveal a large tier 1 particle, in a),
partially covered by Mg after a single laser pulse by material transport caused by the plasma induced
pressure wave in b).
The combination of the experimental results, analytical results, and knowledge of laser processing
provide a schematic of how secondary phase dissolution occurs at the AZ31B surface, shown in Figure
2.8. An outline of various regimes with respect to the Gaussian laser intensity profile is shown, revealing
where and the extent to which dissolution will occur in a single pulse of the laser. At the very outer edge
of the laser spot (intensity region 1) the tier 2 and tier 3 phases show signs of diffusion; however no
secondary phases appear to be completely dissolved. At the center of the laser spot, region 3, the laser
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intensity is relatively uniform and at its maximum showing complete dissolution of the tier 2 and tier 3
particles. The tier 1 particles with high melting temperatures show substantial signs of dissolution and
melting in addition to partial coverage of Mg, which has a “wavelike” appearance.
Region 1 – after 1 pulse

Region 1 - before 1 pulse

1 µm

1 µm
Region 2 – after 1 pulse

Region 2 - before 1 pulse
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2
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1 µm

1 µm
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Region 3 – after 1 pulse

Region 3 - before 1 pulse

1 µm

Laser intensity
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3
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Figure 2.8: Schematic of where homogenization will take place under irradiation of a single laser pulse
from an excimer laser on AZ31B with respect to the Gaussian laser intensity profile and spot size.
Minimal dissolution occurs in region 1 while region 2 exhibits dissolution of the majority of smaller and
medium particles in addition to with ripple formation. Region 3 reveals similar fate for tier 2 and tier 3
particles as in region 2 with qualitatively more melting and dissolution of the tier 1 Al-Mn particles.
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Within these two regimes there exists an intermediate region, region 2, where the surface changes from
complete melting (region 3) to no melting (region 1). The surface shows intense ripples and wave like
formations stemming from the outward motion of the liquid, propagated by the plasma-induced pressure
wave followed by rapid solidification. Dissolution of the tier 2 and tier 3 particles were still observed
under SEM. One critical difference can be observed in region 3 where the tier 1 particles were more
indicative of their original shape yet still exhibiting partial coverage from liquid Mg.

2.5.2 Impact of pulse per area (PPA) on tier 1 secondary phase particle dissolution and corrosion
The apparent complete dissolution of the tier 2 and tier 3 secondary phase particles observed in the
previous section suggest that low PPA will have a significant impact on the corrosion response. That said,
the tier 1 particles are likely to persist as preferred cathodic sites as little change to their surface coverage
is observed at low PPA. This section reveals how additional PPA impacts the dissolution of the tier 1
particles present on the AZ31B-H24 surface.
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Figure 2.9: BSE micrographs of AZ31B taken with respect to a hardness mark before and after laser
processing; a) as-received, b) 2 PPA, and c) 200 PPA. Particle radius (d) and NND (e) distributions for
each micrograph.
70

Fiduciary mark SEM analysis of a polished and etched AZ31B-H24 specimen, before and after laser
processing at 2 and 200 PPA is shown in Figure 2.9. The BSE micrograph of the as-received material in
Figure 2.9a reveals the tier 1 secondary phase particles, ranging in radius of 125 to 20,000 nm. After 2
PPA, Figure 2.9b, the diameter and distribution of the Al-Mn particles showed little change from the asreceived condition, as seen in the histograms in Figure 2.9 d and e. After 200 PPA a more noticeable
change is observed, seen in Figure 2.9c, where the majority of the smaller Al-Mn particles have
disappeared and the larger particles have become agglomerates of smaller Al-Mn rich particles. The
particle radius histogram in Figure 2.9d reveals an increase in quantity of particles at a radius of 500 nm
in comparison to all other conditions as well as the majority of the particles having a NND between 2,000
and 4,000 nm.
The change from more randomly dispersed Al-Mn particles is observed in Figure 2.10 where the
centroids of each particle from the micrographs in Figure 2.9 are plotted. Placing a grid on each centroid
plot with 50 µm spacing and counting the particle density in each 50 by 50 µm grid provides some
quantification of the clumping behavior observed after laser processing, seen in Figure 2.10d. The
agglomeration of secondary phase particles was most obvious for the 200 PPA condition. The 200 PPA
micrograph observed agglomerates of small Al-Mn rich particles to form where previous tier 1 particles
existed. This analysis also confirms minimal change in tier 1 particle distribution is observed when going
from as-received to 2 PPA.
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Figure 2.10: Centroids plotted from the fiduciary micrographs in Figure 2.9 of AZ31B before and after
laser processing; a) as-received, b) 2 PPA, and c) 200 PPA. After placing a grid, shown in a), on the plots
the number of particles present in each area was plotted as a histogram in d).

The secondary phase particles in the tier 1 regime had a tendency to exhibit a mixed morphology after
200 PPA of laser processing was applied, showing partial dissolution of the secondary phase particle and
some of the original particle residing near the center of the enriched region. Such regions were nonuniform throughout the thickness of the modified layer. This behavior is shown in Figure 2.11 where the
cross-section shows a partially dissolved Al-Mn particle, as well as the laser processed region to be ~5
μm thick. An enriched region spreading away from the parent particle was also observed from surface
micrographs, as shown in Figure 2.9c. The spreading of the secondary phase particle was observed to be
consistent with the mechanism of the plasma induced pressure waves, which would push the melted
surface material away from the center of the incident laser beam. A depiction of how PPA influences each
particle size tier is shown in Figure 2.12.
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Oxygen rich

5 μm
2

Figure 2.11: Cross-section of a AZ31B specimen after processing at a fluence of 1.5 J/cm , a pressure of
810 Torr, and 100 PPA using the backscattered electron detector. Observation of partially dissolved AlMn secondary phase particle and oxygen rich Mg covering what is left of the original particle.

a)

b)

c)

e)

d)

f)

10 µm

Figure 2.12: Schematic suggesting the impact PPA with a fluence of ~1.5 J/cm2 will have on the
homogenization of the AZ31B-H24 alloy microstructure. The alloy is depicted as a cross section and of
the surface in a) and b) respectively. The small particles represent tier 2 secondary phases while the larger
rectangular shaped particles represent the tier 1 Al-Mn particles. Laser processing with 2 PPA is shown in
c) and d) while processing with 200 PPA is shown in e) and f).

The pronounced difference in the melting temperatures of Mg and the Al-Mn secondary phase particles
results in minimal time where both are liquid, reducing their potential to physically mix via the plasma
induced pressure mechanism. If the particle remains solid it can act as a barrier to the flow of the liquid
73

Mg surrounding it. The barrier effect can lead to liquid Mg flowing over the top of the solid particle.
Covering the particle with Mg, as seen in Figure 2.11, will reduce their ability to act as an effective
cathode during corrosion by reducing their exposed area. Partial dissolution of tier 1 particles results in a
more uniform corrosion potential at the Mg alloys surface reducing the potential difference between the
cathodic secondary particle and its surrounding matrix, limiting the severity of micro-galvanic coupling.
The impact of reducing the number of secondary phase particles by increased PPA was observed via a
cathodic polarization measurement. The cathodic kinetics or H2 evolution reaction rate is directly
proportional to the number and area coverage of the secondary phase particles, as the noble secondary
phases are a preferred site for the H2 evolution reaction. As shown in Figure 2.13a, compared to the asreceived material, laser processing greatly reduces the H2 evolution reaction rate, even at low PPA. The
cathodic polarization measurements in Figure 2.13a are representative of what was typically observed at
each processing condition. Figure 2.13b is a bar plot exhibiting the effect of PPA on the OCP at 30
minutes of immersion in stagnant 0.6 M NaCl solution. The OCP and cathodic polarization measurements
began to show increased deviation from the mean at 400 PPA, likely from increase roughening and
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Figure 2.13: a) Cathodic polarization measurement of specimen before and after processing with a
fluence of 1.5 J/cm2, pressure of 810 Torr, and various PPA; 2, 20, 100, 200, and 400 PPA. b) Summary
of change in OCP for each PPA after 30 minute stabilization in stagnant 0.6 M NaCl.
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The OCP measurements of an alloy are derived from the combination of all phases present at the alloy
surface. Therefore, the OCP is a galvanic coupled potential between every electrochemically active
particle at the AZ31B-H24 surface with its surrounding Mg matrix, this holds for the cathodic
polarization measurements as well. From section 2.5.1, the dissolution of all secondary phase particles
below ~200 nm in radius was observed after a single laser pulse at a fluence of 1.5 J/cm2. It follows for
the 2 PPA condition, the cathodic polarization measurements revealed a reduction in current density
magnitude along with the OCP becoming more negative, moving toward values of pure Mg [63].

2.5.3 Influence of laser fluence and processing pressure on microstructure and corrosion
response
The results from SEM imaging taken with respect to a hardness mark are shown in Figure 2.14 for
fluences of 0.7, 0.8, and 1.5 J/cm2 respectively. All specimens were processed with an Ar background
pressure of 810 Torr and a total PPA of 100, recorded at an accelerating voltage of 5 kV. At a fluence of
0.7 J/cm2, which is below the ablation threshold, the large Al-Mn secondary phase particles exhibited
minimal size and shape changes as well as the development of cracks in close proximity to the particles.
The secondary phase particles below 500 nm in radius showed signs of complete dissolution within the
resolution of the SEM, circled in red. Samples processed above the ablation threshold exhibited
significant dissolution of all secondary phase particles with the exception of certain tier 1 particles above
~ 2,500 nm in radius, shown in Figure 2.14d and f.
The impact of processing pressure on the dissolution of the secondary phase particles is shown in Figure
2.15 for a fluence of 1.5 J/cm2. The 0.8 J/cm2 fluence exhibited a similar response as 1.5 J/cm2 and will
not be shown for brevity. Also, the 0.7 J/cm2 showed almost no dependence with respect to pressure
changes so it will not be shown, results for this fluence are similar to that observed in Figure 2.14b.
Micrographs in Figure 2.15 were taken at two different accelerating voltages to reveal the dissolution of
secondary phase particles throughout the modified layer for all pressures. At an accelerating voltage of 5
kV, the three higher pressures showed minimal contrast with respect to the location of the secondary
phase particles as shown in Figure 2.15 e, h, and k. At 20 kV all pressures exhibited contrast where the
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original secondary phase particles were present. Regardless of pressure and initial particle size, each
particle showed signs of significant dissolution and change in its shape.

a)

b)

20 μm
c)

d)

e)

f)

Figure 2.14: Backscattered electron micrographs of AZ31B microstructure processed at differing
fluences. (a), (c), and (e) are of the microstructure prior to processing and (b), (d), and (f) are after
processing at a fluence of 0.7, 0.8, and 1.5 J/cm2, respectively. All were processed at a pressure of 810
Torr Ar and 100 PPA. An accelerating voltage of 5 kV was used.
The average change in OCP with respect to fluence and processing pressure after 30 minute immersion in
0.6 M NaCl is presented in Figure 2.16. Representative cathodic polarization measurements, depicted in
Figure 2.17, reveal the general trend observed by varying fluence or processing pressure on the H2
evolution reaction rate. At all pressures, at a fluence of 0.7 J/cm2, the reduction in OCP was ~50 mV
compared to the as-received material. The ablating fluences revealed more dependence on processing
pressure with the 1 x 10-2 Torr condition consistently showing the lowest OCP and cathodic current
densities. In addition fluences above the ablation threshold revealed a stronger dependence on background
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pressure and consistently an order of magnitude reduction in H2 evolution reaction rate which correlates
well with the electron microscopy.

a)

b)

c)

d)

e)

f)

g)

h)

i)

j)

k)

l)

10 μm

Figure 2.15: Backscattered electron micrographs of AZ31B microstructure processed at differing
pressures. (a, b, c) were processed at 1 Torr, (d, e, f) were processed at 10 Torr, (g, h, i) were processed at
100 Torr, and (j, k, l) were processed at 810 Torr. (a), (d), (g), and (j) are the starting microstructure for
the processed specimen. (b), (e), (h), and (k) were imaged at an accelerating voltage of 5 kV while (c), (f),
(i), and (l) were imaged at an accelerating voltage of 20 kV. All were processed at a fluence of 1.5 J/cm2
and 100 PPA.
Disregarding pressure and PPA effects, fluences which can melt and ablate reduce the presence of
secondary phases at the surface of AZ31B, as observed in Figure 2.14. The overall difference between
fluences is the amount of solute spreading observed around the larger tier 1 particles. The secondary
phase particle dissolution is due to the higher temperatures reached throughout the melted layer at 1.5
J/cm2 leading to significant melting of the tier 1 particles and subsequent mixing into the Mg matrix.
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Compared to the tier 2 and tier 3 that may be present, presumed to exhibit complete dissolution after laser
processing per their low melting temperatures and smaller size, the dissolution of the larger tier 1
particles is not always complete and can come in many forms, some of which can be observed in Figure
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2.11 and Figure 2.14f.
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Figure 2.16: Summary of OCP after 30 minute immersion in 0.6 M NaCl. Specimen were processed at a
constant PPA of 100 while the pressure and fluence were varied.
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Figure 2.17: Cathodic polarization measurement of specimen before and after laser processing at varying
fluence a) and varying processing pressure b). These measurements reveal how the change in one
processing parameter may influence the cathodic polarization response while holding all other parameters
the same.
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The micrographs comparing processing pressure and accelerating voltage exhibited a capping layer, rich
in Mg and O, over the entire surface with little indication of secondary phase particles at 5 kV for
pressures of 1 x 10-2 and 1 x 10-1 Torr in Figure 2.15. The impact of this capping layer was seen by the
electrochemistry measurements, with the 1 x 10-2 and 1 x 10-1 Torr specimen showing the lowest average
OCP and cathodic current densities. Such a protective layer was derived from the re-deposition of ablated
Mg during processing yielding a thin capping layer with every pass of the laser across the surface. This is
observed to occur less at higher external pressures because ablation is being suppressed. The redeposition of an ablated material is dictated by the Mach number [34] of the expanding ablated material
and subsequently the pressure inside the chamber. This suggests the optimal re-condensation for
producing the most corrosion protective film occurs at 1 x 10-2 Torr.
In addition, use of the lower three processing pressures appeared to reduce the overall dissolution of the
large secondary phase particles in comparison to 810 Torr as more intact Al-Mn secondary phase particles
were observed when utilizing an accelerating of 20 kV, revealing more information below the surface.
The material transport caused by the plasma induced shock wave is dependent on irradiance and the
external pressure. Reduction in one will reduce the ability for transport of the liquid Mg to cover
secondary phase particles. At near atmosphere pressures (810 Torr) the material transport plays a large
role in dissolving secondary phase particles, however the re-condensation of Mg from ablation is not
sufficient enough to produce a capping layer. The reduction in the external pressure has the opposite
effect where a capping layer can be formed but the material transport of liquid Mg is reduced.

2.5.4 TEM study and oxide formation on laser processed surfaces
Transmission electron microscopy (TEM) was performed on the as-received and the laser processed (200
PPA) AZ31B to investigate the changes to the alloys microstructure after laser processing, in particular to
observe the formation of oxides throughout the processed region. The bright field micrograph of the asreceived alloy in Figure 2.18a observes a number of the smaller (r < 50 nm) Al-Mn rich particles as well
as a few indications of the β-phase. The laser processed material, shown in Figure 2.18b does not show
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signs of these secondary phase particles, however the laser processed layer was abundant with clusters of
nm sized oxide particles, highlighted by a box in red. One of these oxide particles was imaged at high
resolution, shown in Figure 2.18c, and were consistently shown to be ~5 nm nanocubes, suggested to be
composed of MgO.

b)

a)

100 nm

100 nm

c)

Figure 2.18: Bright field TEM micrographs from a) as-received and b) laser processed specimen which
had FIB cross sections taken from their surface. The high resolution micrograph in c) is of an oxide
nanocube found as clusters throughout the laser processed region, as indicated by the red box in b). TEM
results were courtesy of Matt Schneider at UCF.
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Observation of the laser processed surface by SEM, using the secondary electron detector is shown in
Figure 2.19. These observations of oxide formation suggest the Ar gas cannot suppress the formation of
oxides at the surface during laser processing, which is expected given the propensity both Mg and AL
have to react with oxygen. In addition, it reveals the laser processed surfaces are not homogenized
completely in a traditional sense. The oxides which form cover a majority of the laser processed surfaces,
they penetrate into the laser processed layer, as well as the persistence of the larger Al-Mn particles which
see substantial dissolution, but many are never completely dissolved into the Mg matrix. That said, the
corrosion results still allow for the surface to behave as if it is electrochemically homogeneous.

200 nm
Figure 2.19: Secondary electron micrograph of laser processed AZ31B surface exhibiting network of
oxide particles, likely MgO.
In order to observe the impact the oxides formed on the laser processed surfaces has on the corrosion
response, a laser processed specimen was immersed in a chromic acid solution to remove the oxide found
on the surface. Following the chromic acid cleaning, the laser processed and chromated specimen had its
cathodic kinetics measured with an E-log(i) measurement, shown in Figure 2.20, revealing a further
reduction in the cathodic kinetics after chromic acid cleaning. This result further suggests the dominant
mechanism reducing the cathodic kinetics of the laser processed AZ31B is reduction in secondary phase
particles.
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Figure 2.20: Cathodic E-log(i) measurement performed on an as-received, laser processed, and laser
processed and chromated (oxide removed) AZ31B specimen after immersion in stagnant 0.6 M NaCl for
10 minutes.

2.5.5 Optimal processing parameters
The results from the processing parameter study yielded a processing window over which the rest of the
Mg alloys will be processed in to ensure an optimal corrosion response. These parameters are listed in
Table 2.2, showing there may be some variation in PPA. The choice for each parameter was largely made
based on the lowest OCP and cathodic current density magnitude. That said, the use of a pressure of 810
Torr was chosen for convenience and simplicity. The true optimal pressure for the ablating fluences from
a corrosion stand point was observed to be 1 x 10-2 Torr, however this condition required the use of a
vacuum. In addition it did not optimize another parameter under consideration, the extent of
homogenization of the tier 1 particles. The reduction in cathodic kinetics and more negative OCP was
partially derived from the re-deposited capping layer which would have brought in another level of
complexity to the corrosion analysis.
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Table 2.2: Optimized laser processing parameters for Mg alloys.
Laser processing parameter
Laser fluence (J/cm2)
Pulse overlap

Parameter value
1.5
50 %

Processing pressure (Torr)

810 of Ar

PPA

100 to 200

2.6 Laser processing of as-cast alloys
The microstructure of the AM60B and AZ91D alloys were investigated by BSE imaging to observe the
secondary phases present in each alloy before and after laser processing with an accelerating voltage of 15
kV, shown in Figure 2.21. The microstructures of AM60B and AZ91D are similar, but with a marked
presence of the eutectic phase, β-Mg17Al12, at the grain boundaries, and 5 μm or smaller Al-Mn secondary
phase particles randomly distributed throughout. In these micrographs, the bright white regions represent
the Al-Mn particles and the light gray regions represent the β-Mg17Al12 phase present at the grain
boundaries. The remaining dark region in the micrographs is the α-Mg matrix. Semi-quantitative EDS
was utilized to suggest the aforementioned phases are β-Mg17Al12 and Al-Mn secondary phase particles as
shown in Figure 2.21c, f. There is noticeably less β phase in the AM60B microstructure, Figure 2.21d,
than AZ91D, Figure 2.21a as expected for the lower alloy content. Following laser processing, the ascast alloys exhibited enhanced homogeneity in terms of the local surface composition. The β phase
appears to be completely dissolved with the remnants of the Al-Mn secondary phase particles persisting,
similar to that of the AZ31B-H24 tier 1 particles.
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Figure 2.21: BSE micrographs taken with respect to a hardness mark of AZ91D and AM60B in the asreceived condition, a) and d) respectively, and after 100 PPA of laser processing, b) and d) respectively.
The black lines in each micrograph represent an EDS line profile of AZ91D and AM60B, c) and f)
respectively, before and after laser processing. Solid points represent the as-received alloy and open
points represent the laser processed alloy.
Micrographs and EDS line profiles of the laser processed specimens for both alloys illustrate a similar
degree of dissolution and homogenization as shown in Figure 2.21. The EDS line profiles of the laser
processed specimens reveal a homogenized Mg matrix with a relatively uniform Al content, similar to
that expected for the of the as-received alloy, 6 or 9 wt%. It is also clear the size of the original particles
plays a significant role in the final dissolution profile which is expected. Coarse Al-Mn particles, 5 μm in
size or greater, remain with evidence of significant dissolution. In contrast, populations of Al-Mn
particles, less than 1 μm in size along with the β-Mg17Al12 phase completely dissolve into the surrounding
matrix. That said, the spatial resolution of EDS is on the order of 1 μm so smaller precipitates are
undetectable and the exact spreading and composition of the secondary phases is not possible. A crosssection of the laser processed AM60B alloy was observed by BSE imaging in Figure 2.22. The thickness
of the laser processed layer is shown to be ~2.5 μm as indicated by the dashed orange line as well as the
lack of β phase present in that layer. To definitively prove this further work with TEM should be done to
observe if there are any features such as solute bands, as others have shown [5].
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Figure 2.22: Cross-section BSE micrograph of the AM60B cast alloy after laser processing with 100
PPA. The laser processed layer reveals uniform mixing of the β phase into the Mg matrix suggesting
homogenization through the 2.5 µm thick processed layer.

Grazing incidence XRD is shown for all alloys, including AZ31B-H24, in Figure 2.23. There is a low
volume fraction of secondary phases present in the AZ31B alloy hence the only noticeable modification
to the XRD spectra is the increase in MgO content of the laser processed specimen. The cast alloys in the
base condition show signs of the β-Mg17Al12 phase, the largest amount observed in AZ91D. The Al-Mn
particles present in all alloys are below the detection limit of the XRD machine. After laser processing,
the dissolution of the β phase can be qualitatively observed via GI-XRD for the laser processed cast alloys
by the reduction in size of the β phase diffraction peaks. The major peak typically observed for β is near
2θ (411) = 36o and was reduced to the detection limit for both cast alloys after processing. In addition, the
shift of the Mg peaks away from pure Mg increases after laser processing. These shifts are indicative of
Al incorporation into the parent Mg phase [9].
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Figure 2.23: GI-XRD of alloys surfaces, before and after processing. (a, b) AZ31B-H24 base and laser
processed, respectively. (c, d) AZ91D base and laser processed, respectively. (e, f) AM60B base and laser
processed, respectively.

The observation of cathodic polarization measurements in Figure 2.24 reveals a similar response for the
as-cast alloys as was observed for the AZ31B-H24 alloy after laser processing. A reduction to a more
negative OCP was also observed for the cast alloys and these results corroborate the choice of laser
processing parameters determined from the work performed on AZ31B.
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Figure 2.24: Cathodic polarization measurements for the AM60B, AZ91D, and AZ31B-H24 in the asreceived and laser processed (100 PPA) condition after a 30 minute OCP and performed in stagnant 0.6 M
NaCl solution.

2.7 Summary of results for laser processing
Utilization of an excimer laser process performed on a set of Mg-Al alloys was shown to melt and
chemically homogenize the surface microstructure. A study of secondary phase particle dissolution was
primarily performed on the AZ31B-H24 alloy which observed three tiers of particle radii. After a single
laser pulse at a fluence of 1.5 J/cm2 all tier 2 and tier 3 particles were presumed to be homogenized into
the surrounding Mg matrix as they were not observable through high magnification BSE imaging. These
results corroborated the analytical calculations with respect to diffusional effects and whether
homogenization of the smaller particles was possible at the alloy surface. The larger and higher melting
temperature tier 1 particles showed signs of melting however complete homogenization was not observed.
A secondary mechanism aiding chemical homogenization was observed through material transport of the
melted surface known as the plasma induced pressure wave. The plasma induced pressure acted as a
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source of liquid mixing during the short melt times induced by the laser as well as created substantial
motion of the liquid Mg to cover many of the tier 1 particles that persisted as a solid phase.
The laser processing chamber was capable of controlling several parameters critical to the final laser
processed surface including: processing pressure, laser fluence, processing environment, laser pulse
overlap, and laser PPA. A majority of these parameters were optimized by experimental works with the
goal of maximizing the chemical homogenization occurring at the alloy surface, results are presented in
Table 2.2. Chemical homogenization was primarily observed through SEM analysis however the use of
cathodic polarization ad OCP measurements corroborated the microscopy through a reduction in cathodic
kinetics and a more negative OCP, representative of less active cathodic material at a materials surface.
All laser processing experimentation was performed on the as-cast alloys as well, further suggesting the
optimized processing parameters cause homogenization of the Mg-Al alloy microstructure.
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Chapter 3. Full immersion corrosion analysis of laser processed Al
containing Mg alloys
3.1 Background on corrosion of laser processed and rapidly solidified Mg alloys
In general, non-equilibrium processed metal alloys have shown an improvement in corrosion resistance in
comparison to conventionally processed material [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16]. Many of the
early studies on rapidly solidified Mg alloys consider binary alloys for the purpose of suppressing the
formation of secondary phases, improving the alloys corrosion resistance in Cl- containing aqueous
solutions. Mg-xAl (x = 9 to 62 wt% Al) alloys received significant attention. Hehmann et al. and Baliga et
al. observed reductions in the corrosion rate of the Mg-Al alloys when splat quenching or melt spinning
were employed, with much of the credit given to the elimination of micro-galvanic couples [7,8,9].
Additional protection was attributed to a more stable corrosion film attributed to the high Al content often
used. Work by Schluter et al. revealed PVD (1012 K/s) was capable of producing secondary phase-free
thin films of AZ31B and AZ80, resulting in a reduction in open circuit potential (OCP) when compared to
the bulk [6]. That said, the reduction in micro-galvanic couples is said to only afford the thin films a slight
reduction in corrosion rate when compared to the bulk [6]. A similar reduction in corrosion potential was
observed on the PVD of WE43 thin films [4,5].
In a similar fashion, a more negative corrosion potential is commonly observed for of Mg alloys
processed with ns-pulse duration lasers [10]. There are few comprehensive studies on the corrosion
behavior of the laser treated Mg alloys yet many present encouraging results [10,17,18,19]. An
improvement in corrosion resistance was demonstrated by Khalfaoui et al. via salt-spray testing of laser
processed ZE41, linking an improved corrosion resistance to the refinement of the grain structure and
dissolution of secondary particles [18]. However, large craters were formed, resulting in a rough surface
and cracks through to the melted layer, typically located in proximity to the pulse overlap regions. In a
similar manner, Guo et al. exhibited the impact of excimer laser processing on the rare earth containing
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Mg alloy, WE43 [17]. A reduction in cathodic kinetics and an increase in electrochemical impedance
spectroscopy (EIS) estimated corrosion resistance was due to the alteration of electrochemically noble
secondary phases present at the surface. Experiments were only carried out to 4 hours of immersion hence
longevity of the processed surface is unknown. The experiments by Coy on excimer laser treatment of
AZ91D reveal a largely homogenized processed layer resulting in a reduction of the OCP and corrosion
current density as well as an increase in the EIS-estimated corrosion resistance [10]. Scanning kelvin
probe force microscopy (SKPFM) was also employed to elucidate the relative surface potential of the
laser modified region, yielding a more uniform potential than the heterogeneous bulk microstructure. That
said, only a two fold increase was observed in the EIS-estimated corrosion resistance after 24 hours. The
lack of longevity of the laser processed layer was primarily attributed to the voids and cracks commonly
observed in the overlapped region.
Many of the investigated laser processed Mg alloys have shown improvements to corrosion however, all
suffer from similar issues [10,17,18,20,21]. Namely the breakdown of the processed surface after no more
than 12 hours, often attributed to surface defects produced during laser processing. Additionally, the
literature understanding of the corrosion response of Mg alloys with respect to processing and surface
morphology is incomplete and requires further work. Recent improvements in corrosion assessment
methods by electrochemical measurement and mapping methods may illuminate the relationship between
corrosion and laser processed microstructure [22,23,24,25,26,27].
This section aspires to present a comprehensive understanding of how laser processing affects the full
immersion corrosion response of the AZ31B-H24, AM60B, and AZ91D alloys through newly developed
corrosion experimentation. Focus will be given to time dependent electrochemical and visual
measurements of the corrosion resistance and the observed time to initiation of local corrosion activity,
i.e. filiform-like corrosion (FFC). The development of the corrosion product on the as-received alloys in
comparison to the laser processed surfaces will also be shown. An explanation for improved corrosion
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resistance will be suggested, derived from the reduction in micro-galvanic coupling and formation of
corrosion products that might afford protection.
Hypothesis to be tested: If the chemically homogenized surface generated by laser processing slows the
general corrosion rate sufficiently, then the surface will become more uniformly covered with a protective
corrosion product which will reduce the initiation and propagation of FFC.

3.2 Experimental approach for full immersion corrosion analysis
All corrosion experimentation was performed in stagnant 0.6 M NaCl with a starting pH between 5.5 and
6.2 (using Milli-Q® deionized water). Electrochemical characterization was performed in a standard
three-electrode corrosion cell with a polished (1200 grit) as-received surface or the laser processed
surface as the working electrode, a saturated calomel electrode (SCE) as the reference electrode, and
platinum mesh counter electrode. The use of time lapse optical videos of the corroding as-received and
laser processed surface was utilized as a first observation of the corrosion activity, capable of showing the
time to corrosion film breakdown and qualitative changes in hydrogen evolution. Videos accompanied by
open circuit potential (OCP) measurements allowed for changes in visual corrosion response to be
correlated with changes in electrochemical response. Time lapse imaging and OCP verified the time to
breakdown of the as-received alloys initial oxide film and the laser processed layer, providing insight for
future long exposure experiments.
A more rigorous determination of corrosion rate utilized experimental procedures elaborated on by King
et al. and Bland et al [25,26]. Electrochemical impedance spectroscopy (EIS) was performed for its
nondestructive nature, as experiments were carried out at OCP, allowing for time dependent
determination of the corrosion rate and the ability to combine several corrosion rate measurement
techniques into a single experiment. The most common approach for the EIS technique is to measure the
impedance as a function of frequency by applying a voltage as a sinusoidal wave, each at a successively
smaller frequency, and measure the phase shift and amplitude (real and imaginary parts) of the resulting
current [28,29]. EIS spectra may be modelled after an equivalent electrical circuit, with each component
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representing the electrical flow occurring during different phenomena arising near the material-electrolyte
interface. The response corresponding to a certain phenomenon may be amplified within a specific
frequency range so deciphering one from another is possible. Commonly observed phenomena at a
material-electrolyte interface include a passivating corrosion film, electrochemical double layer (DL), the
electrolyte itself as well as adsorption reaction rates. Each one may be represented as a frequency
dependent capacitor, inductor, or resistor.
A Biologic SP-150† was used to perform the EIS measurements on the specimens, applying a potential
equal to the specimens OCP and modulating the potential in a sinusoidal wave around the OCP at
frequencies from 100,000 to 0.005 Hz at 6 points per decade with an amplitude of ±10 mV. In between
EIS measurements the specimens were allowed to freely corrode at their OCP in order for time dependent
corrosion rates to be observed. The frequency range was chosen so the entirety of the EIS measurement
took approximately 10 minutes reducing the low frequency required to fully characterize the inductance
behavior. Shorter times for the EIS measurement reduce the possibility of accelerating corrosion by
applying a potential to the surface since Mg is known to be sensitive to small over-potentials [25,26].

Figure 3.1: A Nyquist plot is shown in a) of an expected EIS measurement revealing graphically how to
determine values such as Rs, Rct, and Rp. In b) is the equivalent circuit the EIS measurements were fit to.
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The impedance data was modeled after an equivalent circuit developed for ultra-high purity (UHP) Mg
and extended to AZ31B-H24 containing an inset Randle’s circuit in parallel with an inductor and resistor
in series as seen in Figure 3.1. Circuit analysis was performed using the ZView† software. Each EIS
measurement was fit to the equivalent electrical circuit model shown above with low residual noise (<1%
of calculated) as performed elsewhere by the application of a Kramers-Kronig (K-K) transform [25]. K-K
transforms at low frequencies sometimes appeared to deviate from the measurements. In this case the
simulated spectra were extrapolated to lower frequencies by fixing the electrical circuit element values
determined by the regression fit. The inductive behavior of Mg is well documented however has seen
limited use in the analysis of EIS measurements until recently. The presence of an inductor accounts for
the existence of active species at the surface and in the case of AZ31B-H24 can represent the cathodically
active Al-Mn secondary phases.
In this study, EIS was utilized to determine the global polarization resistance (Rp) of the corroding asreceived and laser processed surfaces (Rp is inversely proportional to corrosion rate). As the frequency of
the EIS measurements trend toward zero, the capacitive components approach infinite impedance and the
inductive components approach zero impedance, enabling simplification of the equivalent circuit to:
𝟏
𝑹𝒑

=𝑹

𝟏
+𝑹
𝟏
𝟐

𝟏

+𝑹

𝟑

(3.1)

Rp represents the instantaneous global polarization resistance at each OCP immersion time, which is
inversely proportional to the corrosion current density (icorr):
𝐵

𝑖𝑐𝑜𝑟𝑟 = 𝑅

𝑝

(3.2)

Using 36 mV as the value for “B”, the anodic charge associated with the dissolution of Mg (QEIS
a ) can be
estimated by integration of the EIS-estimated instantaneous corrosion rate over the time of exposure,
given as [25]:

97

𝑄𝑎𝐸𝐼𝑆 = ∫ 𝑖𝑐𝑜𝑟𝑟 ∙ 𝐴 ∙ 𝑑𝑡

(3.3)

The anodic charge associated with the dissolution of Mg was used to observe the EIS-estimated corrosion
rate with respect to time.
The EIS measurements were accompanied by gravimetric mass loss (the exposed samples which were
cleaned via a chromate, 200 g/L CrO3, cleaning solutions as per ASTM G-1[30]), along with inductively
coupled plasma-optical emission spectrometry (ICP-OES) solution measurements to unambiguously
measure the corrosion rate of each specimen [26,30]. These results provided an averaged corrosion rate
over a 24 hour or 72 hour full immersion period in the stagnant 0.6 M NaCl solution. All corrosion tests
were repeated at a minimum of 4 times with error bars representing one standard error.
The corrosion morphology was further investigated with post-mortem SEM analysis. The primary focus
was on observing changes in initiation sites of FFC on the as-received material versus the laser processed
material. In addition the general corrosion of the surface was investigated with an emphasis on observing
changes to local degradation surround secondary phase particles or lack thereof. The corrosion product of
the specimens after 24 hours of immersion in 0.6 M NaCl was also investigated utilizing grazing
incidence – x-ray diffraction (GI-XRD PANalytical X’Pert Pro MPD diffractometer) with a Cu-Kα
(λ=1.54 Å) source at a 1.0o incident angle (5.0 μm x-ray penetration depth of pure Mg). Infrared
spectroscopy (PerkinElmer Frontier attenuated total reflection – Fourier transform infrared (ATR-FTIR))
was used to accompany the GI-XRD results, verifying the presence of certain compounds sensitive to IR
spectroscopy (such as carbonates).
A tertiary electrochemical experiment performed to investigate the galvanic coupled current density and
potential of the laser processed surface coupled with the underlying as-received material used the zero
resistance ammeter (ZRA) technique [31,32]. A ZRA measurement connects two specimens as if they
were physically in contact with one another and exposed to the same solution while simultaneously
measuring the current between the two. The samples were coupled with the laser processed specimen as
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the working electrode (WE) and the as-received specimen as the counter electrode (CE). In this
arrangement a positive current density would indicate the laser processed specimen was the anode in the
galvanic couple.

3.3 Full immersion corrosion analysis of the laser processed AZ31B-H24
3.3.1 General electrochemistry response
The open circuit potential (OCP) was recorded, shown in Figure 3.2, with an accompanying set of optical
micrographs taken to observe the corrosion behavior as indicated by spreading of dark regions previously
discussed in literature, observed in Figure 3.3 [20]. The as-received AZ31B-H24 alloy corroded with a
black filiform-like morphology, more rigorously described in section 1.6, and an average OCP of -1.56 V
vs. SCE as typically observed in the literature for the solution investigated [23]. Filiform-like corrosion of
the as-received material initiated after 10 minutes in solution and complete surface coverage was reached
at 3 hours, followed by a slight rise in the OCP and the continued growth of the corrosion filaments
across the surface. In stark contrast, the laser processed samples exhibited a lower OCP than the asreceived alloy as well as a delayed initiation of filiform-like corrosion for more than 19 hours in the
stagnant 0.6 M NaCl solution. A steady increase in the OCP to less negative electrochemical potential
values was observed for all samples prior to the breakdown of their initial corrosion product. Similar to
the as-received alloy, the breakdown of laser processed samples was marked by the initiation of filiformlike corrosion accompanied by increased fluctuations in the OCP measurements. Prior to the laser
processed layer’s breakdown, large bubbles of H2 were observed to slowly grow on the surface in Figure
3.3, some lasting for hours, suggesting a reduction in the H2 evolution reaction rate consistent with the
cathodic polarization behavior shown in section 2.5.
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Figure 3.2: Representative OCP measurements for the as-received and laser processed AZ31B-H24
specimens on full immersion in stagnant 0.6 M NaCl solution for 24 hours.
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Figure 3.3: Time-lapse optical micrographs of the OCP corrosion of the as-received a) 0 sec., b) 9,600
sec., c) 19,200 sec., d) 86,400 sec. and laser processed e) 0 sec., f) 9,600 sec., g) 19,200 sec., h) 86,400
sec. AZ31B-H24 material in full immersion with stagnant 0.6 M NaCl solution.

At all freely corroding times, the EIS measurements for the laser processed samples exhibited an
improvement in global Rp from the as-received material as calculated by equation 3.1. The impedance
data, as shown in Figure 3.4, is representative of a typical Nyquist plot for the as-received and laser
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processed material after full immersion in the stagnant 0.6 M NaCl solution for 12 hours. The regression
fit of the impedance measurements were made for a similar set of data after each immersion time using
the equivalent circuit shown in Figure 3.1, each fit yielding unique values for the electrical circuit
elements as seen in Table 3.1. While some of these tabulated values exhibit large error bars, this
variability is from differences in breakdown times, often seen between 12 and 24 hours for the laser
processed samples which yields a drastic reduction in Rp. The average global Rp values were plotted in
Figure 3.5 revealing the relatively stable Rp for the as-received material. Laser processed global Rp values
were plotted so the specimens who observed the initiation of FFC (red dots) were distinguished from the
more corrosion resistant specimens (open dots). The error bars are substantially smaller if this distinction
is made in comparison to what was presented in Table 3.1.
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Figure 3.4: A representative Nyquist plot for the as-received and laser processed AZ31B-H24 alloy after
12 hours of full immersion in stagnant 0.6 M NaCl at the materials OCP.
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Table 3.1: Equivalent circuit’s component values from fitting analysis for EIS
measurements of AZ31B-H24 in as-received and laser processed condition, after
1, 3, 12 and 24 hours at full immersion.
As-received

1hr

3hr

12hr

24hr

22 ± 1.3

22 ± 1.3

21 ± 0.9

22 ± 1.0

18 ± 6.5

22 ± 8

34 ± 6.5

31 ± 5.0

430 ± 130

420 ± 120

320 ± 50

290 ± 36

58 ± 34

70 ± 32

52 ± 24

30 ± 13

260 ± 150

390 ± 250

300 ± 85

410 ± 130

190 ± 65

240 ± 120

260 ± 65

590 ± 280

2

Rs (Ω-cm )
2

Cfilm (μF/cm )
2

Rfilm (Ω-cm )
2

CDL (μF/cm )
2

Rct (Ω-cm )
2

L (Ω-s-cm )
2

RL (Ω-cm )

190 ± 90

270 ± 80

330 ± 85

330 ± 60

Rp (Ω-cm )

150 ± 65

200 ± 65

210 ± 50

220 ± 40

Laser processed

1hr

3hr

12hr

24hr

24 ± 1.5

25 ± 1.2

24 ± 0.90

23 ± 3.0

7.0 ± 0.38

7.1 ± 0.32

7.1 ± 0.50

8.5 ± 3.3

8,100 ± 960

14,600 ± 780

14,700 ± 4,800

8,710 ± 11,200

600 ± 230

17,300 ± 16,700

900 ± 700

129,000 ± 128,000

5,770 ± 475

8,370 ± 1,040

2

2

Rs (Ω-cm )
2

Cfilm (μF/cm )
2

Rfilm (Ω-cm )
2

CDL (μF/cm )
2

Rct (Ω-cm )
2

L (Ω-s-cm )

3,330 ± 640
6

6

7

7

7

5.4x10 ± 1.4x10 3.0x10 ± 1.2x10 4.8x10 ± 2.0x10

3,860 ± 2,010
7

7

2.6x10 ± 2.0x10

7

2

RL (Ω-cm )

12,000 ± 4,000

49,600 ± 19,000

27,300 ± 11,000

9,930 ± 6,050

5,480 ± 1,100

13,300 ± 2,100

11,500 ± 3,800

5,510 ± 3,360

2

Rp (Ω-cm )
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Figure 3.5: Average EIS-estimated Rp after 1, 3, 12, and 24 hours of full immersion in stagnant 0.6 M
NaCl at OCP for the AZ31B-H24 as-received and laser processed material. The red circles indicate the
reduction in Rp associated with the beginning of filiform-like corrosion which begins on the laser
processed specimen after different immersion times. ± represents one standard error.
For the as-received alloy, the global Rp is roughly the same over time, exhibiting inductive behavior at
low frequency (<1 Hz) indicated by a positive phase angle, as observed in the inlaid plot in Figure 3.4
[25,26]. The global Rp for laser processed samples was consistently 5 to 10 times larger than the asreceived alloy and exhibited an order of magnitude increase in Rp for the entire time prior to FFC
initiation. The laser processed samples also displayed little to no sign of inductive behavior even when
measurements reached 0.001 Hz as seen in Figure 3.4. After the initiation of FFC however, the laser
processed impedance spectra observed an abrupt reduction in Rp along with evidence of inductive
behavior similar to that of the as-received alloy.
EIS-estimated global Rp was converted to instantaneous corrosion rate through Equation (3), calculating
the anodic charge associated with the dissolution of Mg (QEIS
a ) as seen in Figure 3.6. Agreement between
EIS based Q, gravimetric mass loss Q, and Q by ICP-OES solution analysis was obtained which are all
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statistically similar. Comparison of Q a calculated by EIS, mass loss and ICP-OES after 24 hours at OCP
reveal a similar trend as seen above, with the laser processed specimen consistently showing the smallest

Anodic charge associated
2
with Mg dissolution (C/cm )

accumulation of anodic charge over 24 hours.

30

EIS-estimated RP

25

Gravimetric mass loss
ICP-OES

20
15
10
5
0
As-received

Laser
Processed

Figure 3.6: Summation of the anodic charge associated with Mg dissolution (𝑸𝒂 ) as calculated by icorr
derived from EIS-estimated Rp, gravimetric mass loss, and ICP-OES after 24 hours at OCP for the
AZ31B-H24 alloy immersed in stagnant 0.6 M NaCl. ± represents one standard error.
The increased Rp and reduced Q a of the laser processed specimen as estimated by EIS measurements can
be explained by the reduction of active cathodic sites present at the surface as a result of dissolution of
secondary phase particles, as shown in Chapter 2. The reduction in corrosion rate leads to a lower
coverage of absorbed intermediate filming responsible for inductive behavior and anodically induced
cathodic activity. The trends observed by fits to the equivalent circuit further suggest this for the laser
processed specimens which exhibited little inductive behavior at low frequencies (0.001 Hz) prior to
initiation of FFC. Inductive behavior is ascribed to the surface coverage of active corroding species [25].
The partial dissolution of the cathodic particles is enough to suppress the rapid corrosion leading to the
inductive behavior typically observed in Mg.
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3.3.2 FFC initiation and local corrosion of laser processed specimen
Experiments were carried out to observe if there was a difference in location of initiation sites for the FFC
on the as-received material versus the laser processed surface of AZ31B-H24. Specimens were immersed
in stagnant 0.6 M NaCl solution until the surface was observed to breakdown, revealing immense streams
of H2 gas bubbles. BSE micrographs shown in Figure 3.7 reveal the initiation sites for the FFC on the asreceived material in a) and b) and the laser processed material in c) and d). After removal of the corrosion
product for the as-received material in Figure 3.7 b, a cluster of tier 1 Al-Mn secondary phase particles,
which has commonly been observed as an initiation site for this alloy. On the other hand, the laser
processed specimen initiated at a relatively small area in comparison to the as-received materials large
circular FFC site. The laser processed specimen in Figure 3.7 also exposed no compositional variations in
the microstructure co-located at the initiation site, suggesting a secondary phase particle is not the primary
cause of FFC initiation for laser processed specimens.
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a)

b)

10 μm
c)

d)

Figure 3.7: Backscattered electron micrographs of AZ31B-H24 after initiation of FFC was observed at
full immersion in stagnant 0.6 M NaCl; a, b) as-received after 10 minutes and c, d) laser processed after
12 hours.
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Figure 3.8: Backscattered electron micrographs of AZ31B in each condition after 3 hour immersion in
0.6 M NaCl; a, c) as-received and b, d) 200 PPA.

This fact is further corroborated by SEM micrographs comparing the as-received and laser processed
material after 3 hour immersion in the stagnant 0.6 M NaCl solution as shown in Figure 3.8. In Figure
3.8 a, the dark, cracked morphology present on the as-received material is indicative of areas affected by
FFC, while the lighter gray area is covered by a thin layer of MgO/Mg(OH) 2, typical for Mg when
immersed in NaCl solutions [33,34,35]. A closer investigation of this region, Figure 3.8 c, reveals dark
areas (local dissolution) surrounding tier 2 secondary phase particles. The particles themselves were
shown to be rich in Al and Zn from EDS analysis, suggesting the β phase, while the dark area surrounding
them had a higher oxygen content than the surrounding Mg matrix.
After 3 hours immersion, the laser processed specimen showed no signs of FFC initiation, as corroborated
by the OCP measurements. However the remaining Al-Mn rich regions at the surface persisted as local
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cathodes as seen in Figure 3.8 b the large dark spots on the surface, suggestive of more intense deposition
of the flaky Mg(OH)2 corrosion product at these regions. This flaky Mg(OH)2 deposits is commonly
observed because of the increased Mg dissolution near the tier 1 particles as well as a local increase in pH
caused by the H2 evolution reaction. At higher magnification for the laser processed specimens in Figure
3.8 d respectively, no sign of local dissolution from tier 2 particles was observed.

3.3.3 Alterations to corrosion product formation
The corrosion product of the AZ31B-H24 alloy was investigated via grazing incidence – x-ray diffraction
(GI-XRD) after specimens were immersed in a stagnant 0.6 M NaCl solution for 24 hours, as shown in
Figure 3.9, with standard diffraction patterns for all phases found in Appendix 1. The key features of
these diffraction patterns is the pronounced intensity of the Mg(OH)2 peaks for the as-received specimen
in comparison to the laser processed specimen, suggestive of the higher coverage of FFC and general
corrosion rate on the as-received alloy in comparison to the laser processed alloy [33,34,35]. In addition,
the presence of a hydrotalcite-like phase for both specimen at the broad peaks at 2θ = 11o and 22.5o is a
corrosion product not commonly reported and often suggested in passing [9,33,34,35,36,37,38,39].
α-Mg
MgO
Mg(OH)2
Hydrotalcite – Mg0.83Al0.17(CO3)0.08(OH)2(H2O)0.75

Intensity (arb.)

Laser processed

As-received
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Figure 3.9: GI-XRD measurements of AZ31B-H24 corrosion product after a 24 hour full immersion in
o

stagnant 0.6 M NaCl solution at OCP. The Cu-K (λ=1.54 Å) source was utilized at a 1.0 incident angle.
α
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This hydrotalcite phase is a layered double hydroxide (LDH) phase with the general formula of:

[M2+1-x M3+x(OH)2]x+ [An-]x/n . mH2O.
where the M2+ and M3+ represent the divalent and trivalent metal ions associated with the mixed
hydroxide layers [40]. In between the mixed hydroxide layers is a layer of charge compensating anions,
An-, which have intercalated between the mixed metal hydroxide layers, CO32- for hydrotalcite [40]. A
schematic of a typical LDH structure is shown in , reproduced from Salomão et al. [41].

Figure 3.10: Schematic of a layered double hydroxide phase, reproduced from Salomão et al. [41].

Much of the research on LDHs pertains to their use as potential catalysts and anion exchangers, the later
taking advantage of their layered structure and ability to intercalate a variety of anions (CO32-, Cl-, OH-,
NO3-, etc.) [40,42,43,44,45]. LDHs have recently seen attention for their ability to form as a corrosion
inhibiting film on Mg alloys, in particular the Al containing Mg alloys after a conversion coating like
process in a carbonic acid solution which was saturated with Al ions [46,47,48]. Studies on the
precipitation of the Mg2+/Al3+ LDH phases observe the typical M2+/M3+ ratio to be 2:1 – 4:1 (0.2 < x <
0.33) [40]. In addition, the anion observed to be the most stable in the LDH phase is CO32-, hence the
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reason the LDH phase has received attention in the Mg alloy atmospheric corrosion literature [36,37].
That said, the LDH phases include an array of other anions to be intercalated in between the hydroxide
layers including Cl- and OH-, resulting in minimal alteration to the LDH structure making these anion
differences extremely difficult to detect through XRD [40].
Numerous studies on the precipitation of the Mg2+/Al3+ LDH phases suggest precipitation occurs when
one of the metal cations (Mg2+/Al3+) deposits into the lattice of the other metal hydroxide
(Al(OH)3/Mg(OH)2) [41,43,47,49,50]. The precipitation of these LDHs on the Mg-Al alloys under
stagnant full immersion conditions, in the case here, likely occurs via a similar route with crystalline
Mg(OH)2 to form first at the alloy surface [47,49]. The manifestation of Al ions can occur by the alkaline
corrosion of the Al rich secondary phases found throughout the Mg-Al alloy microstructure [51]. The Al
ions (expected to be Al(OH)4- because of the high pH at the Mg surface) will be localized near the alloy
surface and the secondary phase particle it originated from. The Al(OH)4- ion then deposits into the
Mg(OH)2 lattice above a pH ≈ 8, which is easily achieved at the surface of a corroding Mg alloy
[42,43,44,50,41].
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a)

β-phase

1 µm
b)

1 µm
Figure 3.11: Secondary electron micrographs of the general corrosion morphology for an a) as-received
and b) laser processed AZ31B-H24 specimen after a 12 hour immersion in stagnant 0.6 M NaCl.
The corrosion product morphology of an area not impacted by FFC may be observed in Figure 3.11 for
the as-received and laser processed AZ31B-H24 specimens after a 12 hour full immersion exposure in
stagnant 0.6 M NaCl at OCP. Figure 3.11 reveals both specimen have a somewhat flaky morphology,
similar to the hydrotalcite conversion coatings produced in previous work where the LDH phase was
purposely formed [46,47]. This corroborates the XRD results where the hydrotalcite phase was observed
on the as-received and laser processed specimen with the primary difference being the large quantity of
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Mg(OH)2 on the as-received specimen. This Mg(OH)2 is from the significant coverage of the as-received
surface with FFC. Interestingly, the LDH phase appears to cover the β-phase particles present in the asreceived alloy, possibly suggesting the precipitation of the LDH occurs by exceeding the LDHs solubility
product in the solution directly above the alloy surface. If this is the case, then the complete coverage of
the as-received and laser processed surfaces likely occurs however the initiation of FFC is still dictated by
secondary phase particles and the development of micro-galvanic couples, hence the laser processed
specimen will remain more resistant to corrosion than the as-received alloy.
In addition, attenuated total reflection – Fourier transform infrared (ATR-FTIR) spectroscopy was utilized
to determine the anion present in the LDH phase, presented in Figure 3.12 for both AZ31B-H24
specimen conditions after a 24 hour immersion in stagnant 0.6 M NaCl. The distinct peak at ~3,700 cm-1
for the as-received specimen is an indication of Mg(OH)2 while the broad peak around 3,400 cm-1 can be
attributed to OH- stretching modes, often a sign of hydrated or hydroxide species [52,53]. The broad
peaks present between 1,350 and 1,500 cm-1 are indicative of CO32- bonding, suggesting the anion
intercalated between the LDH is carbonate [52,53]. Standards for the compounds found using FTIR may
be found in Appendix 1.
The existence of sufficient CO32- in the 0.6 M NaCl solution to dramatically impact the corrosion product
formation was unexpected. However, additional analysis of 300 mL of Milli-Q® deionized water (starting
pH = 7.0) revealed a reduction in pH to 6.2 if left to sit in lab air for more than 5 minutes. The pH was
reduced to and stabilized at 5.8 after remaining stagnant in lab air for 24 hours. This pH change is
indicative of the acidification of solutions by the absorption of CO2 from the atmosphere where the mass
transfer velocity of CO2 (g) into sea water is ~ 11 cm/hour (the height of all solutions were ~10 cm over
the exposed alloy surface) [54]. The presence of CO32- suggests hydrotalcite will be the preferred LDH
phase to form. That said, it is interesting to consider the use of the LDH phase as a means of absorbing Clanions from the solution as well, potentially limiting Cl- detrimental effects on film stability, an effect
controlled by the NaCl content of the solution [42,43].
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Figure 3.12: ATR-FTIR measurements of AZ31B-H24 corrosion product after a 24 hour full immersion
in stagnant 0.6 M NaCl solution.

To summarize, the formation of a LDH phase was possible regardless of the AZ31B-H24 condition,
observed to cover the secondary phase particles in the as-received alloy in Figure 3.11. Therefore
suggesting the ultimate controlling factor in increasing the time to initiation of FFC is still the reduced
number of micro-galvanic couples observed in the laser processed specimens.

3.3.4 Galvanic coupled behavior between as-received and laser processed surfaces
The final route to investigating the full immersion corrosion properties of the laser processed AZ31B-H24
alloy was through the zero resistance ammeter (ZRA) measurement. The galvanic coupled potential and
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current density between a laser processed specimen (1 cm2), working electrode, and as-received specimen
(1 cm2), counter electrode, was obtained over a 24 hour period and observed in Figure 3.13. A
consistently positive current density suggests the working electrode remains as the anode for the entirety
of the 24 hour experiment. This result is expected since the laser processed specimens OCP was observed
to have a value more negative than the OCP of the as-received alloy, suggesting its anodic behavior. A
surface film with a more negative OCP than the underlying bulk material is a commonly observed coating
scheme termed “cathodic protection” with the most well-known process being the galvanizing of steel
[55]. Such a response suggests the laser processed layer on the AZ31B alloy may act to impede corrosion
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Figure 3.13: ZRA measurement with the laser processed surface as the working electrode (expected
anode) and the ground as-received surface as the counter electrode (expected cathode). Both surfaces had
1 cm2 exposed to the stagnant 0.6 M NaCl solution and were coupled for 24 hours. The red line represents
the coupled current density and the black line represented the coupled potential.
To test this, specimen were prepared in their typical manner however directly before a full immersion
experiment was conducted, the specimen were scratched with a diamond scribe making a 1 cm long
scratch. The depth of the scratch was verified by white light interferometry to be ~15 μm deep, capable of
penetrating through the entire laser processed layer down to the bulk microstructure, and ~100 μm wide.
The scratched as-received and laser processed specimens were exposed to stagnant 0.6 M NaCl solution
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for 24 hours where the OCP was measured for that duration accompanied by time-lapse imaging. The
optical micrographs observed in Figure 3.14 reveal there was little change to the general corrosion
response for either condition when compared to specimen without a scratch from Figure 3.3. For the asreceived material, the scratch did act as a source for initiation of FFC as seen in Figure 3.14 a. This was
not observed for the laser processed specimens were no initiation of FFC was observed for the entire 24
hour immersion time. No FFC initiation on the laser processed specimen was corroborated by the OCP
measurements shown in Figure 3.15. While the as-received material showed a faster rise and breakdown
of the surface, the laser processed specimen with the scratch persisted with an OCP more negative than
the as-received material and a steady increase in potential with time. Although not at the negative
potentials typically observed for a surface without a scratch, the stable OCP of the scratched laser
processed specimens further suggests the laser processed layer was providing cathodic protection to the
underlying bulk material exposed at the scratch.
a)

scratch

c)

e)

f)

1 mm

d)

scratch

b)

1 mm

Figure 3.14: Optical micrographs taken with the Dinolite digital camera after a,d) 0 hrs., b,e) 12 hrs., and
c,f) 24 hrs. of full immersion for specimen scratched with a diamond scribe in the as-received (a, b, and c)
and laser processed (d, e, and f) condition. The solution used was stagnant 0.6 M NaCl solution. The
scribe is at the center of each image.
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Figure 3.15: OCP measurement of the scratched AZ31B-H24 specimen during the entire 24 hour
immersion. The OCP measurements from Figure 3.2 were added for comparison.

3.4 Full immersion corrosion analysis of laser processed as-cast alloys
A set of time lapse optical micrographs were taken over 72 hours to observe the development of the
corrosion product of the as-received alloy and laser processed specimens as shown in Figure 3.16 and
Figure 3.17. As-received specimens of AZ91D and AM60B corroded with the FFC morphology.
Initiation and spreading of FFC was a stable indicator of a specimen’s surface breakdown. The asreceived alloys initiated FFC after an hour of immersion in the stagnant 0.6 M NaCl solution and
gradually increased in coverage, to >30% by the end of the 72 hours of immersion. In stark contrast, time
lapse imaging of laser processed specimens exhibited minimal activity on the surface during the entirety
of the experiment, shown in Figure 3.16 d-f and Figure 3.17 d-f. At short immersion times, the laser
processed surfaces appeared covered with a high density of slow growing H2 bubbles, eventually evolving
off the surface. Filiform-like corrosion on the AM60B alloy was not observed during the 72 hour test
while AZ91D exhibited FFC after 24 hours of immersion; with less than 5% coverage of the surface after
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72 hours. The time-lapse imaging was accompanied by an investigation of the materials OCP as shown in
Figure 3.18. The as-cast material in the laser processed condition observed a similar reduction in OCP at
all times of immersion, consistent with the results for the AZ31B-H24 alloy and indicative of a
chemically homogenized surface.
a)

b)

c)

e)

f)

1 mm

d)

Figure 3.16: Time-lapse optical micrographs of the OCP corrosion of the as-received a) 0 sec., b) 86,400
sec., c) 292,200 sec. and laser processed d) 0 sec., e) 86,400 sec., f) 259,200 sec. AZ91D alloy in full
immersion with stagnant 0.6 M NaCl solution.
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1 mm

d)

Figure 3.17: Time-lapse optical micrographs of the OCP corrosion of the as-received a) 0 sec., b) 86,400
sec., c) 292,200 sec. and laser processed d) 0 sec., e) 86,400 sec., f) 259,200 sec. AM60B alloy in full
immersion with stagnant 0.6 M NaCl solution.
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Figure 3.18: Representative OCP measurements for the as-received and laser processed a) AZ91D and b)
AM60B specimens on full immersion in stagnant 0.6 M NaCl solution for 72 hours.
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Figure 3.19: ATR-FTIR measurements of as-received and laser processed AM60B corrosion product
after a 24 hour full immersion in stagnant 0.6 M NaCl solution.

Table 3.2: Corrosion products formed on Mg alloys after 24 hour immersion in
stagnant 0.6 M NaCl solution. Determined by GI-XRD and ATR-FTIR.
As-received
Laser processed
AZ31B-H24

LDH + Mg(OH)2

LDH

AM60B

LDH + Mg(OH)2

LDH

AZ91D

LDH + Mg(OH)2

LDH

An increase in the Al content for both cast alloys in comparison to AZ31B-H24 suggests the precipitation
of the LDH phase will be more probable since all other corrosion conditions remained the same. The
concentration of Al has been observed as a controlling factor for the precipitation of the LDH phases, in
particular hydrotalcite [52]. The incorporation of the Al cation into the Mg hydroxide structure is what
causes the charge imbalance and allows for the anions to intercalate in between the hydroxide layers [40].
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The formation of the LDH is observed by ATR-FTIR analysis for the AM60B alloy shown in Figure 3.19
after immersion in stagnant 0.6 M NaCl for 24 hours. XRD of the cast specimen was also performed to
verify the existence of the LDH phase, not shown here, revealing peaks at 2θ = 11o and 22.5o for the
AM60B and AZ91D specimens. From these analyses, the as-received AM60B and AZ91D alloys
observed a similar response to the as-received AZ31B-H24 specimens, showing the LDH and Mg(OH)2
while the laser processed specimen observed solely the LDH phase. A summary of the corrosion products
found for all alloys is in Table 3.2. Interestingly, the FTIR spectra for the AM60B alloy led to a shift in
one of the LDH carbonate peaks, labelled in Figure 3.19 as an asymmetric stretching mode for CO32-,
which has been attributed with the inclusion of Al cations into the LDH structure and the stabilization of
the intercalated carbonate anions [52]. This FTIR peak shift was also observed for the AZ91D alloy, not
shown here. That said, the LDH was similarly observed to cover a majority of the as-received and laser
processed surface meaning the increase in time to FFC initiation is still controlled by the reduction in
micro-galvanic corrosion sites on the laser processed surface.
Secondary electron micrographs are shown in Figure 3.20 of the AZ91D surface after 3 hours immersion
in stagnant 0.6 M NaCl solution, revealing a similar corrosion product coverage of all secondary phases
for the as-received material in a and b. These results coincide with the work performed on AZ31B in the
previous section, showing the LDH corrosion product formed on all surfaces of the corroding alloy,
regardless if it was homogenized or not.
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a)

β phase

1 µm

b)

Al-Mn particle

1 µm

c)

1 µm
Figure 3.20: Secondary electron micrographs of the general corrosion product on AZ91D, formed on
areas not yet affected by filiform-like corrosion after 3 hour immersion in stagnant 0.6 M NaCl solution,
for the as-received a) and b), and laser processed c) conditions. The as-received specimen shows the
corrosion product forms with a similar morphology on secondary phase particles.
Time dependent measurements from EIS validate the improvement observed by time lapse microscopy,
OCP, and cathodic polarization measurements of the laser processed AM60B and AZ91D alloys. The
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Nyquist plots exhibited an increased resistance to current flow for all laser processed samples during the
72 hour immersion in stagnant 0.6 M NaCl solution as shown in Figure 3.21. After one hour of
immersion both as-cast alloys exhibited an inductive loop which coincides with the initiation of FFC
which persisted for the entire 72 hour experiment. In addition to the higher magnitude of impedance
values for the laser processed specimen, minimal inductance behavior was observed.
A plot summarizing the global polarization resistance (Rp) is shown in Figure 3.22, revealing the Rp
fluctuations with time. Determination of the EIS-estimated Rp was carried out in the same manner as for
the AZ31B-H24 investigation. At all immersion times, the laser processed specimens exhibited, on
average, a 6 fold improvement in global Rp over the as-received specimens. The as-received specimens
global Rp values showed little variation with time both ranging from 1,800 to 4,000 Ω-cm2 while the laser
processed samples ranged in Rp from 16,000 to 51,000 Ω-cm2 for AZ91D and 8,900 to 23,000 Ω-cm2 for
AM60B. The error bars on the Rp plot stem from the variability of the laser processed specimens time for
surface breakdown. The laser processed AZ91D time lapse images support the variability of the EIS
experiments, exhibiting breakdown after 24 hours, whereas multiple EIS 72 hour immersion experiments
showed no sign of surface breakdown. Furthermore, the Nyquist plots for laser processed samples display
minimal inductive behavior, similar to laser processed AZ31B-H24, supporting the improvement due to
reduced micro-galvanic couples [21].
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Figure 3.21: A representative Nyquist plot for the as-received and laser processed AZ91D (a) and
AM60B (b) material after 1 and 60 hours of full immersion in stagnant 0.6 M NaCl at the materials OCP.
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Figure 3.22: Average EIS-estimated Rp after 1, 3, 12, 24, 36, 48, 60, and 72 hours of full immersion in
stagnant 0.6 M NaCl at OCP for the AZ91D and AM60B as-received and laser processed materials. ±
represents one standard error.

3.5 Conclusions for corrosion analysis of laser processed Mg alloys
The chemically homogeneous microstructures produced by laser processing of the Mg alloys led to a
more uniform corrosion and which suppressed the initiation of FFC and dramatically lowered the
corrosion rate. A reduction in cathodic kinetics led to an increase in global Rp of laser processed AZ31BH24, AZ91D, and AM60B alloys, primarily attributed to the reduced area of effective cathodic sites, the
secondary phase particles β-Mg17Al12 and the Al-Mn particles, as shown in Chapter 2. In addition, the
presence of a LDH phase was observed on all specimen, as-received and laser processed, and can be used
as an indicator of resistance to localized corrosion since the observation of Mg(OH) 2 on a surface was
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typically associated with a substantial surface coverage of FFC. The common occurrence of the LDH
phases should also be considered as a prominent corrosion product for all Al containing Mg alloys when
immersed in aqueous solutions as it was observed as the primary corrosion product on the general filmed
region, not where intense local corrosion had occurred (like FFC).
The time to the initiation of FFC for all laser processed alloys was extended in comparison to their asreceived material, from 10 minutes for AZ31B-H24 to 18 hours for the laser processed specimen, while
the cast alloys FFC initiation time increased from 1 hour to 24 hours for AZ91D and ~60 hours for
AM60B. Partial dissolution of the cathodic phases is sufficient to suppress rapid corrosion caused by
micro-galvanic couples hence limiting the inductive behavior observed for laser processed specimen. The
absence of the inductive behavior is indicative of reduced corrosion kinetics.

Corrosion rate (mm/year)

10
Laser Processed
As-received Alloy
1

0.1

0.01

AZ31B

AM60B

AZ91D

Figure 3.23: Calculation of corrosion rate, in mm per year, for all specimens investigated in Chapter 3.
Corrosion rate was determined by conversion of the EIS-estimated Rp values using Faraday’s law.
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From the corrosion investigations an estimation of yearly corrosion rate for all specimens can be made
utilizing the EIS-estimated global Rp values and assuming uniform corrosion. Figure 3.23 displays the
expected corrosion rate for specimen under full immersion conditions in the stagnant 0.6 M NaCl
solution. In all cases, the laser processed specimens observe an 8 fold or more reduction in corrosion rate
(mm per year) in comparison to their as-received counterpart.

127

3.6 References
1

M.A. Melia, D.C. Florian, F.W. Steuer, B.F. Briglia, M.K. Purzycki, J.R. Scully, J.M. Fitz-Gerald, Investigation of
critical processing parameters for laser surface processing of AZ31B-H24, Surface and Coatings Technology, 325
(2017) 157-165.
2
M. Melia, P. Steiner, N. Birbilis, J. Fitz-Gerald, J. Scully, Excimer Laser Surface Modification of AZ31B-H24 for
Improved Corrosion Resistance, Corrosion, (2015).
3
M.A. Melia, M.L. Serron, D.C. Florian, J.P. Weiler, J.R. Scully, J.M. Fitz-Gerald, Excimer Laser Processing of
Cast Mg-Al-Zn (AZ91D) and Mg-Al (AM60B) Alloys for Improved Corrosion Resistance, Corrosion, 72 (2016)
1580-1586.
4
K. Schlüter, J. Reverey, N. Hort, C. Zamponi, E. Quandt, Mechanical Behaviour and Corrosion Performance of
Thin Film Magnesium WE Alloys, Materials Science Forum, 690 (2011) 286-289.
5
K. Schluter, C. Zamponi, J. Hapke, N. Hort, K.U. Kainer, E. Quandt, Mechanical properties and corrosion
behaviour of freestanding precipitate-free magnesium WE43 thin films, Int. J. Mater. Res., 104 (2013) 286-292.
6
K. Schlüter, C. Zamponi, A. Piorra, E. Quandt, Comparison of the corrosion behaviour of bulk and thin film
magnesium alloys, Corrosion Science, 52 (2010) 3973-3977.
7
F. Hehmann, F. Sommer, H. Jones, R.G.J. Edyvean, Corrosion inhibition in magnesium-aluminium-based alloys
induced by rapid solidification processing, Journal of Materials Science, 24 (1989) 2369-2379.
8
C.B. Baliga, P. Tsakiropoulos, The structure and morphology of the corrosion products formed on the surfaces of a
rapidly solidified Mg-3.5Al alloy, Materials Science and Engineering, A134 (1991) 1029-1032.
9
C.B. Baliga, P. Tsakiropoulos, Development of corrosion resistant magnesium alloys Part 2 Structure of corrosion
products on rapidly solidified Mg-16Al alloys, Materials Science and Technology, 9 (1993) 513-519.
10
A.E. Coy, F. Viejo, F.J. Garcia-Garcia, Z. Liu, P. Skeldon, G.E. Thompson, Effect of excimer laser surface
melting on the microstructure and corrosion performance of the die cast AZ91D magnesium alloy, Corrosion
Science, 52 (2010) 387-397.
11
J.G. Hoekstra, S.B. Qadri, J.R. Scully, J.M. Fitz-Gerald, Laser Surface Modification of a Crystalline Al-Co-Ce
Alloy for Enhanced Corrosion Resistance, Advanced Engineering Materials, 7 (2005) 805-809.
12
D.S. Qian, Z. Liu, Comparative Study of Microstructural and Corrosion Characteristics of Excimer Laser-Melted
AA2124-T4 and AA6061-T4 Alloys, Materials Science Forum, 794-796 (2014) 235-240.
13
I. Nakatsugawa, R. Martin, E.J. Knystautas, Improving Corrosion Resistance of AZ91D Magnesium Alloy by
Nitrogen Ion Implantation, Corrosion, 52 (1996) 921-926.
14
Z. Xie, Z. Luo, Q. Yang, T. Chen, S. Tan, Y. Wang, Y. Luo, Improving anti-wear and anti-corrosion properties of
AM60 magnesium alloy by ion implantation and Al/AlN/CrAlN/CrN/MoS 2 gradient duplex coating, Vacuum, 101
(2014) 171-176.
15
M.S. Uddin, C. Hall, P. Murphy, Surface treatments for controlling corrosion rate of biodegradable Mg and Mgbased alloy implants, Science and Technology of Advanced Materials, 16 (2016) 053501.
16
X.B. Chen, N. Birbilis, T.B. Abbott, Review of Corrosion-Resistant Conversion Coatings for Magnesium and Its
Alloys, Corrosion, 67 (2011) 035005-035001 - 035005-035016.
17
L.F. Guo, T.M. Yue, H.C. Man, Excimer laser surface treatment of magnesium alloy WE43 for corrosion
resistance improvement, Journal of Materials Science, 40 (2005) 3531-3533.
18
W. Khalfaoui, E. Valerio, J.E. Masse, M. Autric, Excimer laser treatment of ZE41 magnesium alloy for corrosion
resistance and microhardness improvement, Optics and Lasers in Engineering, 48 (2010) 926-931.
19
A. Singh, S.P. Harimkar, Laser Surface Engineering of Magnesium Alloys: A Review, Jom, 64 (2012) 716-733.
20
A. Koutsomichalis, L. Saettas, H. Badekas, Laser treatment of magnesium, Journal of Materials Science, 29
(1994) 6543-6547.
21
D. Schippman, A. Weisheit, B.L. Mordike, Short Pulse Irradiation of Magnesium Based Alloys to Improve
Surface Properties, Surface Engineering, 15 (1999) 23-26.
22
G. Williams, N. Birbilis, H.N. McMurray, Controlling factors in localised corrosion morphologies observed for
magnesium immersed in chloride containing electrolyte, Faraday Discussion, 180 (2015) 313-330.
23
G. Williams, H. ap Llwyd Dafydd, R. Grace, The localised corrosion of Mg alloy AZ31 in chloride containing
electrolyte studied by a scanning vibrating electrode technique, Electrochimica Acta, 109 (2013) 489-501.
24
M.A. Melia, T.W. Cain, B.F. Briglia, J.R. Scully, J.M. Fitz-Gerald, Evolution of the Corrosion Morphology on
AZ31B Tracked Electrochemically and by In Situ Microscopy in Chloride-Containing Media, Jom, 69 (2017) 23222327.

128

25

A.D. King, N. Birbilis, J.R. Scully, Accurate Electrochemical Measurement of Magnesium Corrosion Rates; a
Combined Impedance, Mass-Loss and Hydrogen Collection Study, Electrochimica Acta, 121 (2014) 394-406.
26
L.G. Bland, A.D. King, N. Birbilis, J.R. Scully, Assessing the Corrosion of Commercially Pure Magnesium and
Commercial AZ31B by Electrochemical Impedance, Mass-Loss, Hydrogen Collection, and Inductively Coupled
Plasma Optical Emission Spectrometry Solution Analysis, Corrosion, 71 (2015) 128-145.
27
M. Curioni, F. Scenini, T. Monetta, F. Bellucci, Correlation between electrochemical impedance measurements
and corrosion rate of magnesium investigated by real-time hydrogen measurement and optical imaging,
Electrochimica Acta, 166 (2015) 372-384.
28
E. Barsoukov, J.R. Macdonald, Impedance Spectroscopy: Theory, Experiment, and Applications, Wiley, 2005.
29
M.E. Orazem, B. Tribollet, Electrochemical Impedance Spectroscopy, Wiley, 2017.
30
A.S. G1, Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens, ASTM
International, West Conshohocken, PA, 2011.
31
R. Baboian, "Electrochemical Techniques for Predicting Galvanic Corrosion," ASTM STP 576 (1976): p. 5-19.
32
ASTM-81, "Standard Guide for Conducting and Evaluating Galvanic Corrosion Tests in Electrolytes," ASTM
International G71, (2014).
33
M.P. Brady, G. Rother, L.M. Anovitz, K.C. Littrell, K.A. Unocic, H.H. Elsentriecy, G.L. Song, J.K. Thomson,
N.C. Gallego, B. Davis, Film Breakdown and Nano-Porous Mg(OH)2 Formation from Corrosion of Magnesium
Alloys in Salt Solutions, Journal of The Electrochemical Society, 162 (2015) C140-C149.
34
K.A. Unocic, H.H. Elsentriecy, M.P. Brady, H.M. Meyer, G.L. Song, M. Fayek, R.A. Meisner, B. Davis,
Transmission Electron Microscopy Study of Aqueous Film Formation and Evolution on Magnesium Alloys, Journal
of The Electrochemical Society, 161 (2014) C302-C311.
35
J.H. Nordlien, K. Nisancioglu, S. Ono, N. Masuko, Morphology and Structure of Water-Formed Oxides on
Ternary MgAl Alloys, Journal of Electrochemical Society, 144 (1997) 461-466.
36
M. Esmaily, J.E. Svensson, L.G. Johansson, Corrosion of Magnesium-Aluminum (Mg-Al) Alloys - An Interplay
Between Al Content and CO2, in: K. Solanki, D. Orlov, A.N. Singh, N.R. (Eds.) TMS 2017, Springer, San Diego,
CA, 2017, pp. 397-403.
37
M. Esmaily, D.B. Blücher, J.E. Svensson, M. Halvarsson, L.G. Johansson, New insights into the corrosion of
magnesium alloys — The role of aluminum, Scripta Materialia, 115 (2016) 91-95.
38
S. Mathieu, C. Rapin, J. Steinmetz, P. Steinmetz, A corrosion study of the main constituent phases of AZ91
magnesium alloys, Corrosion Science, 45 (2003) 2741-2755.
39
R.C. Phillips, J.R. Kish, Nature of Surface Film on Matrix Phase of Mg Alloy AZ80 Formed in Water, Corrosion,
69 (2013) 813-820.
40
V. Rives, Layered Double Hydroxides: Present and Future, Nova Science Publishers, 2001.
41
R. Salomão, L.M. Milena, M.H. Wakamatsu, V.C. Pandolfelli, Hydrotalcite synthesis via co-precipitation
reactions using MgO and Al(OH)3 precursors, Ceramics International, 37 (2011) 3063-3070.
42
J. Lin, C. Hsia, J. Uan, Characterization of Mg,Al-hydrotalcite conversion film on Mg alloy and Cl − and CO32anion-exchangeability of the film in a corrosive environment, Scripta Materialia, 56 (2007) 927-930.
43
J.W. Boclair, P.S. Braterman, Layered Double Hydroxide Stability. 1. Relative Stabilities of Layered Double
Hydroxides and Their Simple Counterparts, Chem. Mater., 11 (1999) 298-302.
44
H. Tamura, J. Chiba, M. Ito, T. Takeda, S. Kikkawa, Y. Mawatari, M. Tabata, Formation of hydrotalcite in
aqueous solutions and intercalation of ATP by anion exchange, Journal of Colloid and Interface Science, 300 (2006)
648-654.
45
R.P. Bontchev, S. Liu, J.L. Krumhansl, J. Voigt, T.M. Nenoff, Synthesis, Characterization, and Ion Exchange
Properties of Hydrotalcite Mg6Al2(OH)16(A)x(A')2-x4H2O (A, A' ) Cl-, Br-, I-, and NO3-, 2 x 0) Derivatives, Chem.
Mater., 15 (2003) 3669-3675.
46
J. Chen, Y. Song, D. Shan, E.-H. Han, In situ growth of Mg–Al hydrotalcite conversion film on AZ31 magnesium
alloy, Corrosion Science, 53 (2011) 3281-3288.
47
J. Chen, Y. Song, D. Shan, E.-H. Han, Study of the in situ growth mechanism of Mg–Al hydrotalcite conversion
film on AZ31 magnesium alloy, Corrosion Science, 63 (2012) 148-158.
48
J. Chen, Y. Song, D. Shan, E.-H. Han, Study of the corrosion mechanism of the in situ grown Mg–Al–CO32−
hydrotalcite film on AZ31 alloy, Corrosion Science, 65 (2012) 268-277.
49
J.K. Lin, J.Y. Uan, Formation of Mg,Al-hydrotalcite conversion coating on Mg alloy in aqueous HCO 3−/CO32−
and corresponding protection against corrosion by the coating, Corrosion Science, 51 (2009) 1181-1188.
50
Z.P. Xu, G.Q. Lu, Hydrothermal Synthesis of Layered Double Hydroxides (LDHs) from Mixed MgO and Al2O3:
LDH Formation Mechanism, Chem. Mater., 17 (2005) 1055-1062.

129

51

L.G. Bland, N. Birbilis, J.R. Scully, Exploring the Effects of Intermetallic Particle Size and Spacing on the
Corrosion of Mg-Al Alloys Using Model Electrodes, Journal of The Electrochemical Society, 163 (2016) C895C906.
52
J.-K. Lin, K.-L. Jeng, J.-Y. Uan, Crystallization of a chemical conversion layer that forms on AZ91D magnesium
alloy in carbonic acid, Corrosion Science, 53 (2011) 3832-3839.
53
M. Jönsson, D. Persson, D. Thierry, Corrosion product formation during NaCl induced atmospheric corrosion of
magnesium alloy AZ91D, Corrosion Science, 49 (2007) 1540-1558.
54
W. Stumm, J.J. Morgan, Aquatic Chemistry: Chemical Equilibria and Rates in Natural Waters, Wiley, 2012.
55
S.D. Cramer, A.I.H. Committee, B.S. Covino, ASM Handbook, ASM International, 2005.

130

Page intentionally left blank.

131

Chapter 4: Development of a mixed hydroxide coating for laser
processed Mg alloys
4.1 Background on conversion coatings and deposited coatings for Mg alloys
A typical coating scheme applied to Mg alloys as an initial deterrent against local corrosion initiation is
known as conversion coatings (CCs) [1,2,3,4]. The application of these CCs involve a series of steps to
convert the Mg alloy surface into a corrosion product which is more resistant to corrosion attack than the
typical Mg alloy corrosion products (such as Mg(OH)2) [1,3,5,6,7,8,9,10,11,12,13,14]. A consequence of
the CC process is the requirement for the corrosion of the alloy in order to produce to precipitate a more
stable corrosion product [4]. This process of CCs has been successful in improving the corrosion
resistance of many Mg alloys, as well as being a major source for corrosion protection on Al and other
alloy systems. The industrial standard for this realm of coatings is the hexavalent chromate CC, offering
significant barrier protection, fast application, and the ability to heal a scratched portion of the coating
[15,16]. That said, chromate coatings are being replaced by more environmentally friendly options as
hexavalent chromium is considered a carcinogenic material and detrimental to the environment [3]. Other
corrosion protection schemes used for Mg alloys are anodizing and plasma electrolytic oxidation (PEO)
treatments which apply a current to the Mg substrate and actively oxidize the surface of the alloy, creating
a thick (up to 38 µm), often porous oxide or phosphate coating [4,17,18,19,20]. The thicker anodized and
PEO coatings have been shown to also improve wear resistance [4].
An issue regarding the application of a CC scheme to a laser processed Mg alloy stems from the
necessary corrosion of the substrate to precipitate the stable corrosion product. The laser processed layer
was observed to be at most 8 µm thick, with many of the CCs observing metal removal above that, even
with short deposition times [4]. In order to preserve the laser processed layer, coatings applied through
physical vapor deposition (PVD) techniques were investigated for their ability to add material to the
surface without the metal removal required for CCs [1,21].
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The investigation of PVD coatings on Mg alloys has met mixed success with regards to improving
corrosion resistance via the application of oxide and metallic coatings [22,23,24,25,26,27,28,29,
30,31,32]. Utilization of metallic coatings has been shown to improve the corrosion resistance of the Mg
alloy surface so long as the coating is not compromised to expose the underlying alloy [26,29,30]. If
exposed, the electrochemically negative Mg alloy will galvanically couple to the metallic coating since a
majority of the metals deposited are electrochemically noble (Al, Mn, Hf, etc.) with respect to the
underlying Mg alloy [30,33]. This would lead to the detrimental case of a large cathode (coating) and a
small anode (exposed Mg alloy). In addition, when amphoteric metals are deposited, like Al, the increase
in pH from the corrosion of the underlying Mg would in turn promote the self-corrosion of Al coating
itself.
The application of oxide and nitride coatings have been found to function as barrier coatings, preventing
the initiation of localized corrosion for an extended period of time utilizing Al 2O3, TiO2, and TiN films
[1,21,22,28,34]. However, one potential issue with these coatings was active protection after a scratch or
defect was created in the film exposing the heterogeneous microstructure of the underlying Mg alloy,
leading to rapid initiation of local corrosion. The AlN and TiN coatings produced by Altun et al.
contained pinhole defects in the PVD coatings which led to the initiation of corrosion at these sites.
Defects expanded at longer immersion times with eventual removal of the coating by flaking [21,22].
Research by Wu et al. also attributed the initiation of severe localized corrosion to the through-thickness
defects often observed to be pinholes [26,27,28]. Similar defects are credited with causing local
breakdown of the underlying Mg alloys in the case of other PVD coatings [35,36,37].
In addition, a major downfall of the electrochemical analysis for these coated Mg alloys was often the
lack of long term exposures with most studies taking an E-log(i) measurement followed by SEM analysis
after ~1 hour of immersion in a NaCl solution. This provided minimal information regarding how the
underlying heterogeneous microstructure impacts the coatings breakdown. Additionally, there were a
surprising number of studies without pretreatments to the surface, prior to the PVD coating. Pretreatment
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procedures are typical of CCs, utilized to chemically homogenize the surface and enhance adhesion of the
coatings [38,39]. Some research has been performed on ion implantation pretreatments for PVD coatings
showing better coating adhesion, however a study observing how chemical homogenization of the Mg
alloy has not been performed [40,41,42,43].
This chapter will explore the use of an oxide/hydroxide coating produced by pulsed laser deposition
(PLD) as an effective barrier to the initiation of localized corrosion on AZ31B-H24. These coatings were
investigated to further improve the corrosion resistance afforded by the chemical homogenization of laser
processing, specifically regarding the time to initiation of localized corrosion.

4.2 Experimental procedure for coatings and corrosion measurements
The Mg alloy utilized for this investigation was AZ31B-H24 in the as-received and laser processed (LP)
condition. Prior to deposition, the as-received specimens were polished to a 1200 grit finish and the LP
specimen were treated with the optimal laser processing parameters as shown in Table 2.2 (200 PPA).

Vacuum
Chamber
Plume

Focusing
Lens

Substrate
PLD Target

Laser Beam

Target Rotator
Laser
Window

Figure 4.1: Schematic of the PLD vacuum chamber with the target (pure Mg or Gd) and substrate (asreceived/laser processed AZ31B-H24 or Si wafer).
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Pulsed laser deposition (PLD) was performed in a high vacuum chamber utilizing the same KrF excimer
laser used for laser processing. A schematic of the target (Mg, Gd), substrate, and vacuum chamber is
shown in Figure 4.1. The vacuum chamber was flushed two times with He gas (99.9% purity) and
achieved an average ultimate pressure of 1.0 x 10-5 Torr. The chamber was back filled with the He gas to
an average pressure of 1.4 x 10-1 Torr. The deposition of the pure Mg and pure Gd targets were performed
at a laser fluence of 2.0 J/cm2, at a pulse frequency of 10 Hz, at room temperature, and a deposition time
of 15 minutes. A schematic of a laser processed and coated (LPC) AZ31B-H24 specimen is shown in
Figure 4.2, revealing the multilayered coating. The majority of the characterization was performed on
coated as-received specimens and LPC specimens. For simplicity, a sample denoted as “coated” will
mean it has the Mg and Gd coatings on it, experiments with a single coating will be stated.
To simplify characterization, the Mg substrates were replaced with Si wafers in order to determine the
thickness of the coatings as well as for phase analysis, performed by grazing incident x-ray diffraction
(GI-XRD). The thickness and surface morphology of the individual Mg and Gd coatings were determined
by scanning electron microscopy (SEM), utilizing the secondary and backscattered electron (BSE)
detectors. Phase analysis was performed by GI-XRD utilizing a PANalytical X’Pert Pro MPD
diffractometer with a Cu-Kα (λ=1.54 Å) source at a 0.5o incident angle (x-ray penetration depth of pure
Mg is 2.5 μm).
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150 nm coating
of Gd
150 nm coating
of pure Mg
Laser processed
layer

Heterogeneous AZ31B-H24 microstructure
Figure 4.2: Schematic of a cross-section showing the layout of the LPC layer with the Mg and Gd
coating configuration.
Similar corrosion characterization was performed as observed in Chapter 3 under full immersion
conditions with a stagnant 0.6 M NaCl solution at a starting pH between 5.5 and 6.2. A standard threeelectrode corrosion cell was also utilized with the coated Mg alloy surface as the working electrode, a
saturated calomel electrode (SCE) as the reference electrode, and a platinum mesh counter electrode. The
corrosion of the coated specimens was initially observed with time lapse optical videos accompanied by
open circuit potential (OCP) measurements. In addition, time dependent electrochemical impedance
spectroscopy (EIS) was also utilized to observe the change in polarization resistance (Rp) with time using
the equivalent circuit from Figure 3.1 b. Experiments on a separate set of specimens utilized the cathodic
polarization measurements from Chapter 2, taken after a 30 minute OCP measurement, in order to
compare coated versus uncoated. After the OCP measurement, a cathodic polarization measurement was
taken which began by applying a voltage 20 mV more positive than the working electrodes OCP and
scanning at 1 mV/sec to -2.3 V vs. SCE. Also, corrosion analysis of a scratched laser processed and
coated specimen was performed, similar to the scratch experiments performed in Chapter 3, with timelapse imaging and OCP measurements. All electrochemical measurements for the coated specimens were
compared to the uncoated specimen results from Chapters 2 and 3 with the coated results being
repeatable with at least 3 replications for a given result.
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4.3 Characterization of Mg/Gd coating on the AZ31B-H24 alloy
4.3.1 Individual coating morphology and phase analysis on Si wafers

150 nm
coating of
Gd

150 nm
coating of Mg

Si wafer

100 nm

Figure 4.3: Cross-section BSE micrograph of the double layered coating deposited on a Si wafer.
The thickness of the coatings was determined through cross-section analysis of the coated Si wafers by
SEM, as shown in Figure 4.3, with an image of the Si wafer for reference. Variation in the thickness of
the coatings was observed stemming from the variation in density of particles in the ablation plume
produced by the laser. In general a dense coating of Mg and Gd were observed to be ~150 nm. The
surface morphology of each coating is shown in Figure 4.4 revealing the coatings to be composed of ~20
nm diameter particles.
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a)

200 nm
b)

200 nm
Figure 4.4: BSE micrograph of the a) Gd film and a secondary electron micrograph of the b) Mg film.
Phase analysis performed by GI-XRD of the individual coatings may be observed in Figure 4.5, analyzed
using diffraction patterns from Appendix 1. The GI-XRD spectra of the Gd coating in Figure 4.5 a
revealed a single broad peak around 2θ = 30o which correlated with the location of the primary peaks for
the Gd(OH)3 compound. Therefore, the PLD Gd film is suggested to be fully oxidized to the Gd(OH)3
compound with a nanocrystalline grain size. The GI-XRD of the Mg film is shown to be fully oxidized,
composed of Mg(OH)2 and MgO in Figure 4.5 b. The oxide and hydroxides formed from the deposition
of the pure Gd and Mg targets was expected with both elements being sensitive to oxidation when
exposed to air. In addition, the vacuum chamber used was often exposed to the atmosphere leading to the
adsorption of water on the inside walls of the chamber and can cause the hydroxides to form during
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deposition. The full oxidized coating will not galvanically couple with the underlying substrate, therefore
no galvanic protection is expected.
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Figure 4.5: GI-XRD patterns for the a) Gd film and b) Mg film at a 0.5o incident angle.

4.3.2 Full immersion corrosion analysis of coated specimens
The initial corrosion experiments exposed samples to full immersion in a stagnant 0.6 M NaCl solution
for 72 hours with optical micrographs taken at the experiments conclusion, as shown in Figure 4.6. The
polished, as-received, and coated as-received specimens observed a similar surface coverage of black
corrosion product, indicative of substantial filiform-like corrosion (FFC) coverage. A lower surface
coverage of the black corrosion product was observed in the laser processed (LP) specimens compared to
the as-received specimens, as shown in Figure 4.6 c. The initiation of FFC occurred on the laser
processed and coated (LPC) specimen, in Figure 4.6 d, however minimal propagation of the corrosion
filaments was observed.
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a)

b)

2 mm

c)

d)

Figure 4.6: Optical micrographs of specimens after a 1 cm2 area was exposed to stagnant 0.6 M NaCl
solution for 72 hours. The a) as-received and b) coated as-received AZ31B-H24 show complete coverage
with FFC in sharp contrast to c) LP and d) LPC AZ31B-H24 specimens which show minimal FFC
coverage.
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Figure 4.7: OCP measurements versus time of the a) as-received AZ31B-H24 substrates and b) LP
AZ31B-H24 substrates with and without the double layered coating. An inlaid plot in b) shows a
significant reduction in the OCP and recovery of the OCP for the LPC specimen.
The OCP was measured during the 72 hour immersion experiments, shown in Figure 4.7. In Figure 4.7
a, the OCP of the as-received specimens are shown to initiate FFC after ~100 seconds for the polished
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specimen, indicated by a slight reduction and subsequent stabilization of the OCP. The OCP of the
coated, as-received specimen showed a steady increase for the first 2,000 seconds followed by large
fluctuations in the OCP, corroborated by macroscopic videos to indicate when FFC initiated on the
specimen. The stable OCP observed during stage II FFC of the polished as-received specimen did not
occur for the coated as-received specimen which exhibited large fluctuations in OCP for the 72 hours
experiment.
Figure 4.7 b shows the OCP for the LP specimens with and without the coating where interestingly, the
OCP of the LPC specimen increased dramatically and revealed fluctuations in potential of ~100 mV for
the first hour of immersion followed by a stabilization and reduction in OCP to ~ -1.7 V vs. SCE. This
increase in OCP at the start of experiments involving the LPC specimens did not occur for all similar
experiments; most progressed similar to the standalone LP with a gradual increase in OCP for the
duration of the experiment. The OCP of the LP specimen was stable and gradually increased with time for
the first 24 hours before fluctuating (±30 mV) around a potential of -1.57 V vs. SCE, indicating the
initiation of FFC. Prior to the initiation of FFC on these specimens, occurring ~60 hours into the
measurement for the LPC specimen, sharp reductions in the OCP followed by the exponential increase in
OCP were observed, shown in the inlaid plot in Figure 4.7 b. The severe drop and recovery of the OCP is
indicative of the local breakdown and re-passivation of a surface film, commonly observed on Al and
stainless steel alloys [44,45,46].
The cathodic polarization measurements taken after a 30 minute immersion in stagnant 0.6 M NaCl
solution are shown in Figure 4.8. These results show the coated specimens reduction in corrosion current
density in comparison to their respective starting condition, without the coating. A shift to the left in these
polarization measurements signifies a reduction in corrosion rate for the coated specimens. The lowest
current densities were observed for the LPC specimens.
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Figure 4.8: Cathodic polarization measurements of the as-received, coated as-received, LP, and LPC
AZ31B-H24 specimens after a 30 minute OCP measurement in stagnant 0.6 M NaCl solution.
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Figure 4.9: The representative EIS measurements presented as a) Nyquist and b) Bode-Phase plots for all
investigated AZ31B-H24 specimens after a 3 hour immersion in stagnant 0.6 M NaCl solution.
The electrochemical impedance spectroscopy (EIS) measurements performed at OCP for all specimens
periodically through the 72 hour immersion experiments are presented in Figure 4.9 and Figure 4.10. In
Figure 4.9, representative spectra are shown, taken after 3 hours of immersion in the stagnant 0.6 M NaCl
solution with the symbols representing the raw data and the lines representing the fitted data from the
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ZViewTM fitting procedure. The Nyquist plots observed in Figure 4.9 a reveal the 3 fold increase in
impedance values for the LPC specimen in comparison to the LP specimen. In addition, both LP
conditions observed two capacitive loops and minimal to no sign of an inductive loop. The coated asreceived spectra observed a single capacitive loop with significant scatter of the data at low frequencies
where an inductive loop would likely to be observed. Correlation with the OCP and macroscopic optical
images suggest this spectra for the coated as-received specimen occurred after initiation of FFC, however
there were likely very few active filaments leading to the large impedance values. In comparison, the asreceived EIS response in the inlaid plot of Figure 4.9 a exhibits the typical low magnitude of impedance
observed for Mg alloys along with a large inductive loop.

As-received
Coated as-received
Laser processed
Laser processed after initiation of FFC

a)

Laser processed and coated
Laser processed and coated after initiation of FFC

5

2

Global Rp (-cm )

10

b)

-5

Thickness Loss (mm/year)

2x10

10

4

10

3

10

2

Laser processed
Laser processed and coated

1

0.1

0.01

0

12

24

36

48

60

72

As-received
Coated as-received

10

As-recieved

Coated
as-recieved

Laser Laser processed
processed and coated

Time (hours)
Figure 4.10: a) The time-dependent evolution of global Rp over the 72 hour OCP immersion in a stagnant
0.6 M NaCl solution for all AZ31B-H24 specimens, also revealing the change in global Rp for the LP
after FFC initiation. b) The corrosion rate (mm/year) estimated by the accumulation of the 72 hour OCPEIS measurements.
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The EIS data was further analyzed to investigate the change in global polarization resistance (Rp) with
respect to time for all specimens, shown in Figure 4.10 a, along with the EIS estimate corrosion rate
derived from the 3 day EIS experiments, observed in Figure 4.10 b. Over the 72 hour full immersion
experiment, the LPC specimens observed a one to two order of magnitude increase in global Rp, in
comparison to the as-received and coated as-received specimens. At the beginning of the experiment, the
LPC specimens exhibited a global Rp of ~100,000 Ω-cm2, followed by steady decay of that Rp with time
to ~30,000 Ω-cm2 after 72 hours. The LP specimens global Rp began at ~4,000 Ω-cm2 and, in contrast to
the LPC specimens, observed an increase in global Rp over the first 12 hours of immersion, likely from
the growth of a protective corrosion product. However, the initiation of FFC was observed to occur on LP
specimens after 12 to 36 hours of immersion while the initiation of FFC on the LPC specimens did not
occur until after 60 hours of immersion. In stark contrast, the as-received specimens observed lower
global Rp values in comparison to the LP specimens for the duration of the experiments, with the
exception of the coated as-received specimen starting at a global Rp of ~5,000 Ω-cm2 followed by a rapid
decrease in magnitude at longer immersion times. After 12 hours of immersion, the as-received specimens
and the coated as-received specimens observed similar global Rp values.
The corrosion rates determined from the EIS estimated global Rp values in Figure 4.10 b reveal similar
trends to those observed for the time dependent global Rp values. The as-received and coated as-received
exhibit similar corrosion rates and in comparison, the LP specimens observed an order of magnitude
reduction in corrosion rate. The LPC specimen observed an additional reduction in corrosion rate,
however, after initiation of FFC where the global Rp was shown to reduce by up to an order of magnitude,
seen in Figure 4.10 a. Hence the extrapolation of the EIS measurements to determine the average
corrosion rate for a year is not an accurate representation of a full year of corrosion in this solution.
To investigate how the LPC specimen protected against external defects, a diamond scribe was used to
scratch through to the as-received alloy of a LPC AZ31B-H24 specimen, which was then immersed in
stagnant 0.6 M NaCl for 24 hours, similar to the experiments performed in Chapter 3. The results for the
145

scratched specimen are presented in Figure 4.11 revealing the OCP measurements in Figure 4.11 a to
have a similar trend as the scratched as-received specimen. This result coincides with the observation of
FFC to initiate within the scratch of the LPC specimen after ~ 1 minute of immersion in the solution from
the time-lapse micrographs in b through d. That said, the propagation of the FFC was short lived,
stopping after the scratched region was covered with the filaments of corrosion from stage II FFC and not
extending into the LPC region. In contrast, the scratched LP specimen from Chapter 3 showed FFC
initiation after ~18 hours of full immersion with no FFC observed at early times within the scratch,
similar to a non-scratched LP specimen, further suggestive of its galvanic protection. At longer immersion
times, the initiation and propagation of new FFC within the scratch and the LPC region was not observed,
demonstrating the protective nature of the LPC specimen even with a major defect.
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Figure 4.11: OCP measurement of the scratched, LPC AZ31B-H24 substrate during the entire 24 hour
immersion shown in a). The OCP from similar scratched experiments for the as-received and LP
specimen are included in a) for comparison, from Figure 3.14. Optical micrographs taken with the
Dinolite digital camera for the scratched LPC specimen after b) 0 hrs., c) 12 hrs., and d) 24 hrs. of full
immersion in stagnant 0.6 M NaCl solution. The scribe is at the center of each image.

4.4 Discussion of Mg/Gd coating of AZ31B-H24 results
The choice of the specific coating materials, pure Mg and pure Gd, was decided based on the stability of
their aqueous corrosion products at high pH, shown for Gd in Figure 4.12 and Mg in Figure 1.3. The
resulting films were completely oxidized, preventing the possibility for the coatings to act as sacrificial
protection; similar to Mg rich primers [47,48,49,50,51,52,53]. That said, the possibility for the MgO film
to act as an inhibitor to corrosion is high as the conversion of MgO to Mg(OH) 2 has been shown to help
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fill the pores/defects of a coating while simultaneously changing the solution chemistry to something
more alkaline, making metallic Mg less likely to corrode [54].
The nano-crystalline Gd(OH)3 film was utilized as a capping layer and acted as a protective film to
corrosion attack, impeding the penetration of solution to the underlying MgO/Mg(OH)2 film and alloy
substrate. The extent of this protection was dependent on the state of the underlying alloy substrate, since
time to initiation for FFC was at least an order of magnitude faster for the coated as-received specimens in
comparison to the LPC specimens as shown in Figure 4.7. This result suggests that the Gd(OH)3 film was
permeable and permitted movement of solution to the underlying substrate, similar to other defects found
in PVD coatings [35,36,37].

Figure 4.12: Pourbaix diagram of metallic Gd in a solution of 0.6 M NaCl and Gd(OH) 3 generated by the
OLI software, [Gd3+] = 10-2 M.
To investigate the local breakdown of the Gd(OH)3 film, backscattered (BSE) micrographs of a LPC
specimen were taken after a 72 hour full immersion experiment at OCP, observed in Figure 4.13. The
low magnification micrograph in Figure 4.13 a revealed a large black area to the right and was
determined to be a large filament of corrosion, typical for these specimens after 72 hours of immersion
albeit showing minimal area coverage. Interestingly, the FFC region does not show signs of the Gd(OH)3
film (white contrast) covering the corrosion filaments, meaning the film was destroyed or broke off
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during the propagation of the corrosion filament. A lack of Gd(OH)3 film was likely caused by the violent
eruption of H2 gas at the filament head and was similarly observed on the coated as-received specimens.
a)

100 μm
b)

10 μm
c)

1 μm
Figure 4.13: SEM micrographs of a LPC AZ31B-H24 specimen’s surface after a 72 hour immersion
experiment in stagnant 0.6 M NaCl. A BSE micrograph, shown in a) at low magnification and b) at
higher magnification revealing FFC and rupture of the Gd(OH) 3 film. A secondary electron micrograph,
shown in c), of an area suspected to be a site of “re-passivation”.
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In the top left of Figure 4.13 a another black region was observed, however the typical FFC morphology
was not detected. The region pointed out in a was imaged at higher magnification, shown in Figure 4.13
b, where a portion of the Gd(OH)3 film was observed to be broken off from the as-deposited film, ~10 μm
in diameter, leaving a hole in the Gd(OH)3 film. The rupturing of the Gd(OH)3 film may stem from
numerous sources, one being the degradation of the film by prolonged exposure to the aggressive Cl- ions,
destabilizing the film [55,56,57]. Another source may be the penetration of solution through the porous
film to the underlying LP alloy leading to corrosion of Mg and subsequent evolution of H2 gas from the
cathodic reaction [55]. A buildup of H2 gas below the Gd(OH)3 film would lead to tensile stresses acting
on the film and eventual rupturing of the film at a critical stress, similar to the bursting of Al2O3 blisters
on Al [55,58,59].
The H2 gas rupture mechanism of the Gd(OH)3 film fits well per the observed difference in initiation time
of FFC for the coated as-received and LPC coated specimens. The delamination of the coating from the
as-received AZ31B-H24 substrate was observed in Figure 4.14 after immersion in the 0.6 M NaCl
solution for ~2 hours. The existence of the locally raised coating is indicative of pinholes within the
Gd(OH)3 film allowing for the localized corrosion to the underlying substrate, typical for the coatings. If
the solution penetrated through to the as-received microstructure of AZ31B-H24, there will be an
abundance of local cathodes to produce H2 gas, leading to a rapid buildup of tensile stresses and rupture
of the Gd(OH)3 film. No locally raised regions of the Gd(OH)3 film was observed for the LPC AZ31BH24 specimen. Instead the chemically homogenized LP surface prevented the rapid generation of H2 gas
limiting the potential for film rupture and prolonging the integrity of the Gd(OH)3 film.
The higher magnification micrograph in Figure 4.13b revealed an area on the LPC specimen that
ruptured the Gd(OH)3 film and was surrounded with a substance having a flaky morphology and a lower
atomic number than the Gd(OH)3 film, indicative of Mg(OH)2. This suggests that the ~10 μm wide
exposed area of LP material was sufficiently large to allow for active corrosion and cause a local increase
in Mg2+ and OH- ions which led to the precipitation of the flaky Mg(OH)2 product.
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100 μm
Figure 4.14: Secondary electron micrograph of a coated as-received AZ31B-H24 substrate after a 2 hour
immersion in stagnant 0.6 M NaCl solution. Delamination of the coating can be observed, likely at
pinholes in the Gd(OH)3 coating.
These large ruptures of the Gd(OH)3 film likely occurred around the time period when large fluctuations
were observed in the OCP, around 200,000 seconds. Prior to these large rupturing events, sharp
reductions in the LPC OCP were observed followed by exponential recovery back to the original OCP,
indicative of breakdown of the film followed by a “re-passivation” phenomenon occurring at the surface
[44,45,46]. These sharp reductions in OCP began around 100,000 seconds, occurring 1,000 seconds or
more apart from each other, with longer immersion times exhibiting an increase in frequency, as shown in
the inlaid plot in Figure 4.7 b. This local breakdown of the as-deposited films led to the exposure of the
LP surface to solution for the first time since the specimen was immersed. Therefore, a reduction in OCP
was observed because the OCP of a freshly LP AZ31B specimen is more negative than -1.6 V vs. SCE.
The “re-passivation” phenomenon occurs when the OCP returns to the potential observed prior to the
sharp reduction. The exact mechanism of “re-passivation” is unknown however it is speculated that the
area of the ruptured Gd(OH)3 film and subsequent exposed LP surface was small enough to be covered by
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the deposition of Mg(OH)2. The Mg(OH)2 can be generated from the corrosion of the underlying LP
AZ31B surface and local increase in Mg2+ and OH- ions, or the conversion of the mixed MgO/Mg(OH)2
film completely to Mg(OH)2. The conversion of MgO to Mg(OH)2 is a thermodynamically favorable
reaction in full immersion conditions [60,61]. Previous work on anodic oxide coatings containing MgO
have credited this hydration conversion as a source of pore blocking because the molar volume of
Mg(OH)2 is larger than the molar volume of MgO, observing an increase in film resistance [20,54]. In
addition, complete conversion of the MgO/Mg(OH)2 to Mg(OH)2 was observed via GI-XRD for a LP
specimen which had been coated with MgO/Mg(OH)2 and immersed in stagnant 0.6 M NaCl solution for
1 hour.
Existence of a potential “re-passivated” region is shown in Figure 4.13c, which exhibits an area of ~3 μm
in diameter covered by what is speculated to be Mg(OH)2. Similar dark circular spots were observed
throughout the LPC specimens surface after 72 hours of immersion, some showing the familiar flaky
Mg(OH)2 and others revealing thinning and cracks in the Gd(OH)3 film. Regardless, the “re-passivation”
of the double layered coating on the LP specimen was possible. The same “re-passivation” effect was not
observed for the coated as-received specimens because FFC and coating delamination dominated the
corrosion response, rupturing the majority of the Gd(OH)3 film after 24 hours of immersion.

4.5 Summary of the Mg/Gd coating of AZ31B-H24 results
A coating scheme to prolong the time to initiation of FFC on the AZ31B-H24 alloy under full immersion
conditions was successfully developed and combined with laser pretreatment, extending the time to
initiation of FFC for AZ31B-H24 to ~72 hours. The coating included an initial layer of MgO/Mg(OH)2
followed by a capping layer of nanocrystalline Gd(OH)3. When deposited onto LP AZ31B-H24
specimens, the global Rp increased by two orders of magnitude relative to the as-received alloy. At long
immersion times, 72 hours, the global Rp of the LPC specimens reduced but never returned to the Rp of
the as-received alloy.
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The protection against artificial defects was also tested for the LPC AZ31B-H24 specimen by the
application of a scratch through to the underlying substrate. Stage II FFC was observed to initiate quickly
within the scratched region, covering the scratch entirely with corrosion filaments. That said, propagation
of the filaments was stopped by the LPC region of the substrate and initiation of new FFC was not
observed for the rest of the 24 hour experiment. In addition, the LPC specimens observed a pit initiation
and “re-passivation” like phenomena never before observed for coatings applied to Mg alloys. This “repassivation” phenomenon is hypothesized to be caused by the exposure of the fresh LP alloy surface or
the MgO/Mg(OH)2 film to the corrosion media for the first time leading to the production of Mg(OH) 2
which helps fill the broken down area of the Gd(OH)3 film.

153

4.6 References
1

J.E. Gray, Luan, B., Protective coatings on magnesium and its alloys — a critical review, Journal of Alloys and
Compounds, 336 (2002) 88-113.
2
X.B. Chen, N. Birbilis, T.B. Abbott, A simple route towards a hydroxyapatite–Mg(OH)2 conversion coating for
magnesium, Corrosion Science, 53 (2011) 2263-2268.
3
X.B. Chen, N. Birbilis, T.B. Abbott, Review of Corrosion-Resistant Conversion Coatings for Magnesium and Its
Alloys, Corrosion, 67 (2011) 035005-035001 - 035005-035016.
4
S.D. Cramer, A.I.H. Committee, B.S. Covino, ASM Handbook, ASM International, 2005.
5
A.S. Akhtar, Surface Science Studies of Conversion Coatings on 2024-T3 Aluminum Alloy, Chemistry, The
University of British Columbia, Vancouver, 2008, pp. 1-198.
6
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Chapter 5: Salt spray testing of laser processed Mg alloys
5.1 Background on atmospheric and salt spray corrosion testing of Mg alloys
Many real world applications for Mg alloys will implement them in corrosive environments similar to
atmospheric corrosion conditions [1,2,3]. Atmospheric corrosion is unique from typical full immersion
environments because of the thin films of aqueous solutions shown to develop on a materials surface
which will range in salt concentrations depending on humidity up to super saturated conditions
[4,5,6,7,8,9,10,11,12]. In addition there are a vast number of ionic species commonly found in rain or
marine solutions not considered in the full immersion NaCl type tests conducted in this thesis work
[13,14,15]. The utilization of full immersion corrosion testing was primarily implemented because a large
reservoir of corroding solution exhibits well understood interactions with a materials surface in
comparison to the thin films of aqueous solutions formed during atmospheric testing, simplifying the
corrosion response [16,17,18,19].
In addition, field testing often requires years to perform with minimal utilization of electrochemical
measurement techniques [2,3,5,20,21]. For this reason, artificial atmospheric corrosion conditions are
often generated using salt spray machines or humidity controlled chambers to produce the thin film
solution conditions commonly observed during real atmospheric corrosion. The incorporation of elevated
temperatures and wetting and drying cycles lead to accelerated corrosion rates and varying salt
concentrations associated with atmospheric cycles [3,4,13,15,22]. Substantial research has also been
dedicated to the influence of other gaseous species and sources of degradation on the atmospheric of a
material, such as O3, SOx, NOy, and UV radiation [23,24,25]. The exact replication and acceleration of
atmospheric corrosion is extremely difficult with many investigations dedicated to it, primarily concerned
with the atmospheric corrosion of Al and steel alloys in marine conditions [4,12,13].
In comparison, Mg and their alloys have been incorporated into very few atmospheric corrosion
experiments [3,5,6,7,26,27,28,29,30,31]. A major finding and constant theme of the Mg atmospheric
corrosion investigations is the role of dissolved CO2 gas on corrosion product formation and the
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subsequent corrosion rate of the Mg alloys [3,26,29]. Studies by Lindstrom, Jönsson, and Esmaily, have
observed the benefits of CO2 gas on the atmospheric corrosion response for a number of Al containing
Mg alloys [3,26,29]. In general, for accelerated atmosphere experiments were the CO2 gas content was
controlled to below 1 ppm using a NaCl containing salt spray solution on commercial purity Mg and the
AZ91 alloy, the gravimetric mass loss was observed to increase 4 fold in comparison to gravimetric mass
loss of specimen under the same conditions without controlling the CO2 content, typically between 350 to
400 ppm CO2 [32]. The reasoning behind the dramatic improvement in corrosion resistance has widely
been attributed to the formation of new carbonate containing corrosion products which are stable at a
lower pH than Mg(OH)2 [29,32,33]. A number of carbonate phases have been reported using Fourier
transform infrared spectroscopy and x-ray diffraction techniques for the atmospheric corrosion of pure
Mg as well as the Al containing Mg alloys, with the most commonly observed to be hydromagnesite
(Mg5(CO3)4(OH)2.4(H2O)) [5,26,29]. All of the carbonate rich Mg phases are believed to be more
protective than the Mg(OH)2 because of their stability at more acidic pH, around pH = 8.5 [33]. The
formation of layered double hydroxide (LDH) phases has also been observed to form during the
atmospheric corrosion, and full immersion, of Al containing Mg alloys, in both CO2 and CO2 free
environments [3,34,35,36]. However, the role of the naturally formed LDH phases during the corrosion of
these alloys has not been described.
The final experimental chapter of this thesis will look to observe the effect of accelerated atmospheric
corrosion experiments on the as-received and laser processed condition of the AZ31B-H24, AM60B, and
AZ91D alloys, utilizing the ASTM B117 standard test [13]. The focus will be on the corrosion rate after a
21 day exposure to the salt spray experiment and the resulting corrosion products formed. The constant
replacement of the salt spray electrolyte on the specimen’s surface will affect corrosion rate and corrosion
product formation, minimizing the effect of stagnant solution conditions.
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Hypothesis to be tested: Exposing the laser processed specimen to a corrosive environment for longer
term exposures will enhance the localized corrosion on the laser processed specimen, increasing the
corrosion rate in comparison to the studies performed in full immersion.

5.2 Experimental setup
Samples of the AZ31B-H24, AM60B, and AZ91D alloys were cut from plate using a Mager cut off saw
to a size of 50 mm x 20 mm for the purposes of being able to fit within the laser processing chamber. The
AZ31B-H24 specimens were prepared in 3 conditions; as-received, laser processed (LP), and laser
processed and coated (LPC) with a Mg/Gd film. The as-cast alloys, AM60B and AZ91D, were prepared
in the as-received and LP conditions only. As-received specimens were polished to a 1200 grit finish with
an ethanol based lubricant and BuehlerTM SiC paper. The laser processing parameters were identical for
all alloys as described in Table 2.2; as the optimal processing parameters. In order to ensure uniformity,
after 100 PPA the specimens were flipped 180 degrees and the remaining 100 PPA were applied. The
coating procedure from chapter 4 was also identical for the AZ31B-H24 LP specimen used here. Similar
nomenclature will be used to describe these specimens. All specimens were prepared a day before the
start of the artificial atmospheric test, weighed using a Mettler-ToledoTM analytical balance, and stored in
a vacuum sealed desiccator. Prior to placement in the salt spray chamber the back side of each specimen
was covered with electrochemical tape to prevent corrosion, the sides of all samples were exposed. Three
of each sample condition was prepared for replication purposes.
For the salt spray test, a Q-LAB Q-FOG CCT cyclic corrosion tester, shown in Figure 5.1a, was utilized
and the procedure for the ASTM B117 standard was followed [13]. Prior to testing, water was used to
measure the solution deposition rate inside the Q-FOG tester and controlled to within the 1 to 2 mL per
hour standard for B117. The solution used for testing was 5 wt% NaCl (0.9 M NaCl, pH ~ 6.5) and was
prepared in 40 L containers. The pH of the solution was measured at room temperature (22oC), and the
experiment was performed at a temperature of 35oC. The CO2 (g) content within the chamber was not
monitored and will be estimated to be the current atmospheric level of ~400 ppm as has been reported in
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recent climate studies [37,38,39]. The B117 standard does not employ wetting and drying cycles or any
addition of pollutants and other potential atmospheric effects, such as UV radiation or O3. Therefore the
major difference from full immersion will be the constant spray of electrolyte which will lead to a thinner
film of solution on the specimen than usual as well as the continuous replacement of the surface with
fresh solution.

a)

b)

Samples

Figure 5.1: Picture of the Q-FOG salt spray chamber is shown in a) with the inside of the chamber and
the sample orientation observed in b).
Specimens were placed in the chamber as shown in Figure 5.1b, with sufficient spacing and at
approximately a 70 degree angle to the base of the chamber. Specimens were exposed in the Q-FOG
tester for a total of 21 days and with removal at 1, 5, and 14 days to take macroscopic digital images of
each sample, observing the change in corrosion with time. Prior to imaging, the specimens were not dried
or rinsed off with water. After the last day of testing, the specimens were removed from the Q-FOG
chamber, rinsed with deionized water, dried with a jet of air, and imaged with the digital camera. All
specimens were stored in a vacuum sealed desiccator after imaging and subsequent characterization
techniques. Mass gain and mass loss was performed on all specimens to determine the corrosion product
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build up and corrosion rate of each specimen. The corrosion product was removed using the ASTM G-1
standard with a chromic acid solution [40].
Prior to corrosion product removal, the specimens were characterized to determine the composition and
phase of the corrosion products developed over the 3 week salt spray test. Phase analysis was performed
by grazing incidence x-ray diffraction (GI-XRD PANalytical X’Pert Pro MPD diffractometer) with a CuKα (λ=1.54 Å) source at a 1.0o incident angle (5.0 μm x-ray penetration depth of pure Mg). Infrared
spectroscopy (PerkinElmer Frontier attenuated total reflection – Fourier transform infrared (ATR-FTIR))
was used to accompany the GI-XRD results, verifying the presence of certain compounds sensitive to IR
spectroscopy (such as carbonates).

5.3 Results from salt spray tests and corrosion product phase analysis
5.3.1 General corrosion behavior and corrosion rate
The surface of the as-received AZ31B-H24 alloy after 1 day of exposure revealed dark filament like
corrosion products, thought to be filiform-like corrosion (FFC), covering a majority of the surface, shown
in Figure 5.2. After 5 days localized black corrosion product was observed with subsequent days leading
to more local black corrosion areas and the remaining area covered in a white corrosion product. This
white corrosion product was expected to be Mg(OH)2.
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Figure 5.2: Digital images of the AZ31B-H24 alloy after the specified time of exposure to the B117 salt
spray experiment for the as-received (a – e), LP (f – j), and LPC (k – o) conditions.
For the LP AZ31B-H24 specimens, shown in Figure 5.2 f-j, black corrosion product was not observed
until day 5 and with a lower coverage density than the as-received specimens. At longer times the black
corrosion product areas remained and new white circular spots began populating the surface, again
suspected of being Mg(OH)2. The LPC AZ31B-H24 specimens evolved in a similar manner to the LP
specimens, not showing the black corrosion product and filament-like corrosion until day 21, as observed
in Figure 5.2 k-o. The circular white spots were first observed after 5 days and coincided with the
delamination of the coating from the surface. After 21 days the double layered Mg/Gd coating was
flaking off from the surface and filamentous corrosion could be observed.
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Figure 5.3: Digital images of the AM60B alloy after the specified time of exposure to the B117 salt spray
experiment for the as-received (a – e) and LP (f – j) conditions.
The AM60B and AZ91D alloys corrosion over time for the as-received and LP conditions is shown in
Figure 5.3 and Figure 5.4. The general corrosion product covering the surface for AM60B and AZ91D
alloys in the as-received condition became dark in color after ~5 days in comparison to the starting
polished condition. In contrast, the general corrosion product formed on the LP cast alloys remained a
beige/silvery color for the longevity of the experiment. For the case of AM60B in Figure 5.3, the asreceived and LP condition developed the FFC morphology (black corrosion product) after 1 day of
exposure in the salt spray chamber. At longer times these filaments traversed the AM60B surface for both
conditions with the as-received showing more coverage by day 21. The FFC morphology was only
observed on the as-received specimens of AZ91D. A few circular areas of local corrosion developed on
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the LP AZ91D alloy with no other local corrosion observed to initiate in the center of the specimen, some
filaments of corrosion were observed to initiate on the top edge of the sample (not LP) and propagate into
the LP region.

As-received
f)

a)

Laser
processed

0 days
5 mm
b
)

g)

c)
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i)

e)

j)

1 day

5 days

14 days

21 days

Figure 5.4: Digital images of AZ91D B117 salt spray exposure for the as-received (a – e) and LP (f – j)
conditions. The red trapezoid in (j) outlines the water mark of the specimen mount.
The edge effects for the AZ91D specimens were prominent on all alloys with a majority of the localized
corrosion for the LP, or LPC samples stemming from an edge. An additional irregularity in the specimens
was the watermark made by the mounting bracket in the chamber for each sample, outlined in red from
Figure 5.4 j. This area exhibited different corrosion product coverage than the rest of the sample surface.
In some cases, specifically Figure 5.3 g, initiation of FFC was observed to occur at this differing
corrosion product interface.
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The averaged corrosion rate, presented as thickness loss per year, of each specimen is observed in Figure
5.5 revealing a 3 fold reduction in expected corrosion rate for the modified AZ31B-H24 specimens, and
slight reductions in corrosion rates for the cast alloys. These corrosion rates were determined from mass
loss for the entire exposed surface, including the sides of each specimen, which for all conditions were
left in the as-received state. Interestingly, the LP materials observed a small reduction in corrosion rate in
comparison to their full immersion results, possibly stemming from the higher NaCl concentration
utilized here. In addition to high chloride content, the initiation of FFC occurred on all specimens except
for LP AZ91D and this localized corrosion may also have led to the minimal difference in global
corrosion rates. The FFC will corrode at high rates regardless of a surface being LP or not, hence the
initiation of FFC after 1 to 5 days allows for substantial propagation of the corrosion filaments over the
21 day exposure. It is important to note the sides of all specimen were exposed and remained in the asreceived condition, possibly skewing the corrosion rate results.

Corrosion rate (mm/year)

0.4
As-received
Laser processed
Laser processed and coated

0.3

0.2

0.1

0.0

AZ31B-H24

AM60B

AZ91D

Figure 5.5: Corrosion rate in terms of average thickness loss per year (mm/year) calculated from
gravimetric mass loss data after chromic acid cleaning of the B117 salt spray experiments assuming
uniform corrosion of the entire exposed area.
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5.3.2 Corrosion product phase analysis
Representative GI-XRD patterns are shown for each specimen condition in Figure 5.6, Figure 5.7, and
Figure 5.8, for the AZ31B-H24, AM60B, and AZ91D alloys, respectively. Standards for XRD phase
analysis can be found in Appendix 1. From the digital micrographs in Figure 5.2, Figure 5.3, and Figure
5.4, all of the specimens in the as-received condition were expected to have thicker and more intense
corrosion product peaks than the modified surfaces. The as-received AZ31B-H24 specimens primary
corrosion products were observed to be hydromagnesite (Mg5(CO3)4(OH)2(H2O)4) and brucite Mg(OH)2
which have been observed in previous studies [20,26,29]. Additional peaks were observed at 2θ = 11 o,
22.5 o, and 45.5 o, indicative of a layered double hydroxide (LDH) phase, suspected to be meixnerite
(Mg6Al2(OH)18•4(H2O)) or hydrotalcite (Mg0.83Al0.17(CO3)0.08(OH)2(H2O)0.75) as described in Chapter 3
[3,28,41,42,43,44]. The LP AZ31B-H24 condition observed less diffraction peaks than the as-received
condition with the presence of two broad peaks at the LDH peak locations. The LPC specimen in Figure
5.6 only observed peaks from α-Mg, likely from the surface still being partially covered by the
nanocrystalline Gd(OH)3 coating. It is suspected from the digital micrographs that the corrosion product
under the coating was similar to the LP AZ31B-H24 results.
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Figure 5.6: GI-XRD measurements of AZ31B-H24 corrosion product after a 21 day exposure to the
B117 salt spray. The Cu-Kα (λ=1.54 Å) source was utilized at a 1.0o incident angle.
The as-received AM60B specimen in Figure 5.7 observed similar corrosion products to the as-received
AZ31B-H24 specimen. The most abundant corrosion products appeared to be the Mg(OH)2 and the LDH
phases with lower intensity peaks of the hydromagnesite phase. AM60B in the LP condition was similar
to the LP AZ31B with the primary corrosion product being the LDH phase, although one peak for
Mg(OH)2 was also observed. The as-received and LP AZ91D specimens observed solely the LDH
diffraction peaks, as shown in Figure 5.8. The intensity of the LDH peaks for the as-received specimen
was greater than the LP condition, suggesting the corrosion product was thicker for the as-received
material and possibly the reasoning for the darker surface observed in Figure 5.4.
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Figure 5.7: GI-XRD measurements of the AM60B corrosion product after a 21 day exposure to the B117
salt spray. The Cu-Kα (λ=1.54 Å) source was utilized at a 1.0o incident angle.
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Figure 5.8: GI-XRD measurements of AZ91D corrosion product after a 21 day exposure to the B117 salt
spray. The Cu-Kα (λ=1.54 Å) source was utilized at a 1.0o incident angle.
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In a similar fashion to the GI-XRD analysis, attenuated total reflection – Fourier transform infrared
(ATR-FTIR) was performed to verify the corrosion products on each specimen’s surface after the B117
salt spray exposures. FTIR spectra were taken for all specimens prior to corrosion and revealed no
response from the ATR-FTIR measurement, shown as a green line in Figure 5.9 for a polished AZ31BH24 surface. Identification of the FTIR peaks was performed through a detailed literature search which
yielded standard FTIR spectra for the observed phases, found in Appendix 1. The ATR-FTIR spectra
from the AZ31B-H24 specimens are presented in Figure 5.9 and showed peaks corresponding to CO32and OH- containing compounds [45]. More specifically, the CO32- absorption bands at ~1,420 cm-1 and
~1,480 cm-1 are indicative of the hydromagnesite phase, previously observed to form during atmospheric
corrosion of the pure Mg and the AZ91D alloy by Jonsson et al. [26,29]. The shoulder at ~2,980 cm-1 is a
H2O - CO32- bridging mode further verifying the presence of hydromagnesite as a main corrosion product.
The distinct peak at ~3,700 cm-1 is an indication of Mg(OH)2 while the broad peak around 3,400 cm-1 can
be attributed to OH- stretching modes, often a sign of hydrated or hydroxide species. The peaks present
for the LP and LPC specimens were less distinct with a broad peak present between 1,350 and 1,500 cm-1
suggesting the presence of CO32- bonding. This broad peak may be attributed to the LDH phase which can
be rich in CO32- bonds but the indistinct peak has been attributed to a less crystalline structure and a lack
of incorporation of Al cations into the LDH structure [45]. This is in strong correlation with the XRD
patterns from Figure 5.6 where the broad peaks derived from the LDH phase. In general, the AM60B
ATR-FTIR investigation yielded results similar to the AZ31B-H24 specimens. The peaks corresponding
to hydromagnesite were again clearly observed for the as-received AM60B specimen, shown in Figure
5.10, while the LP specimen had less distinct CO32- peaks.
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Figure 5.9: ATR-FTIR measurements of AZ31B-H24 corrosion product after a 21 day exposure to the
B117 salt spray.
The ATR-FTIR spectra for the AZ91D specimens, shown in Figure 5.11, were slightly different from the
lower Al containing alloys, as both specimens exhibited only the formation of the LDH phase as a
corrosion product from GI-XRD. The existence of the CO32- asymmetric stretching peak at ~1,370 cm-1
was a clear indication of the hydrotalcite (CO32-) phase, characteristic of the CO32- intercalation between
the hydroxide sheets of the LDH when the Al content was sufficiently high [45,46]. From a study by Lin
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et al. on the precipitation of (Mg + Zn)/Al hydrotalcite, the broadening/indistinct CO32- peak is
characteristic of the hydrotalcite existing as an amorphous structure when the LDH phase is depleted in
Al, comparable to the LP AZ31B-H24, LP AM60B, and as-received AZ91D spectra. Interestingly, the
peak at 1,370 cm-1 becomes more distinct and intense for the LP AZ91D specimen suggesting the
chemically homogenized surface allowed for a more crystalline hydrotalcite (CO32-) phase to form.
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Figure 5.10: ATR-FTIR measurements of AM60B corrosion product after a 21 day exposure to the B117
salt spray.
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Figure 5.11: ATR-FTIR measurements of AZ91D corrosion product after a 21 day exposure to the B117
salt spray.

5.4 Discussion of salt spray results
5.4.1 Corrosion rate as determined by ASTM B117 salt spray exposures
The most unexpected result from the salt spray exposures was the 3 fold reduction in corrosion rate
observed for the LP AZ31B-H24 specimens and the statistically insignificant change in corrosion rate of
the cast alloys when the full immersion experiments suggested longer term protection (estimated from 3
day immersion). The reduction in micro-galvanic couples for the LP specimens likely remains as the
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primary mechanism for increasing the corrosion resistance, suggested from Chapter 3. In addition, the
reappearance of the LDH corrosion product was observed for all specimens also similar to the full
immersion experiments; further suggesting LDHs are one of the primary corrosion products on all Al
containing Mg alloys when immersed in aqueous solutions.
The lessened reduction in corrosion rate observed on the LP specimen may be a culprit of the thin
electrolyte films which developed during exposure to salt spray conditions, capable of limiting the
galvanic coupled current between local cathodes and their surrounding anode [8,10,11,16,17]. Substantial
research has went into quantifying these thin film electrolyte effects with some success, suggesting full
immersion conditions take place with an electrolyte of ~300 μm [9]. The electrolyte thickness around
which the corrosion response of an alloy is influenced is on a similar length scale as the throwing power
calculations from Figure 1.14. If a thin electrolyte is present on a corroding surface, similar to the B117
experiment, then the available cathodic current to initiate and propagate localized corrosion may be
limited, hence minimizing the typically observed impact from micro-galvanic couples in full immersion
conditions. An inherent reduction in available cathodic current caused by a thin electrolyte will diminish
the local corrosion impact from micro-galvanic couples for the as-received and LP specimens, minimizing
the increase to corrosion resistance for the LP specimens. Consequently, the reduced gravimetric mass
loss rate observed for all of the as-received specimens was expected.
The increase in NaCl concentration from 0.6 M to 0.9 M NaCl may have also played a role in the
diminished improvement to the LP specimen. The more concentrated 0.9 M NaCl may have reduced the
time to initiation of localized corrosion on the LP specimen in comparison to the full immersion
experiments, where the onset of FFC was observed to reduce the polarization resistance of the LP
specimen 5 fold.
Another influential factor the B117 exposures will show is the constant spray of fresh solution onto the
surface for the entirety of the experiment. In stark contrast to the stagnant full immersion experiments,
constantly replenishing the surface with fresh electrolyte will lead to the ions generated by corrosion
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(Mg2+ and Al3+/Al(OH)4-) to leave the surface, giving the alloys less time to form the LDH corrosion
product if the LDH precipitates directly from solution. That said, the major barrier to initiating localized
corrosion is still the reduction in cathodic particles on the LP specimen.

5.4.2 Preferred corrosion product formation during the B117 salt spray exposures
An additional factor influencing the corrosion resistance for all specimen conditions was the development
of carbonate containing corrosion products that are more stable than MgO/Mg(OH)2. From the GI-XRD
and ATR-FTIR analysis, the three most abundant corrosion products to occur on all specimens were
brucite (Mg(OH)2), hydromagnesite (Mg5(CO3)4(OH)2(H2O)4), and the LDH phase. The detected
corrosion products for each as-received and LP conditions are summarized in Table 5.1, with the
accompanying non-metallic phases observed prior to the salt spray exposure.
Table 5.1: Corrosion products formed on Mg alloys after 0 and 21 day exposure to
B117 salt spray. Determined by GI-XRD and ATR-FTIR.
As-received
0 days
AZ31B-H24

MgO

AM60B

None

AZ91D

None

21 days
LDH + Mg(OH)2 +
Hydromagnesite
LDH + Mg(OH)2 +
Hydromagnesite
LDH specifically
hydrotalcite (CO32-)

Laser processed
0 days

21 days

MgO

LDH

MgO

LDH

MgO

LDH specifically
hydrotalcite (CO32-)

In previous work on the atmospheric corrosion of Mg and its alloys, the carbonate rich phases are
abundant and typically credited with the improvement in corrosion resistance observed in comparison to
full immersion experiments [3,5,26,29]. The carbonate rich phases commonly observed have a range in
levels of hydration from the dehydrated phase in magnesite (MgCO3) to the hydrated phases of
nesquehonite (Mg(HCO3)(OH)•2(H2O)) and hydromagnesite. Previous studies by Esmaily and Jonsson
predicted the thermodynamic probability and showed experimentally the formation of hydrated Mg
carbonate phases in preference to magnesite, typically observing hydromagnesite [26,28]. The formations
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of all Mg carbonate phases are predicated on the absorption of CO2 gas from the atmosphere into the
corroding solution, which wets the surface of the alloy.
The LDH phase has been shown to form specifically on Al containing Mg alloys [3,32,35,43,47]. The
expected LDH phases are meixnerite and hydrotalcite and have the general formula of [41]:

[M2+1-x M3+x(OH)2]x+ [An-]x/n . mH2O
where the M2+ and M3+ represent the divalent and trivalent metal ions associated with the mixed
hydroxide layers. In between the mixed hydroxide layers is a layer of charge compensating anions, An-,
which can be intercalated in between the hydroxide layers, CO32- for hydrotalcite and OH- for meixnerite.
An explanation of how these LDH phases can form on the Al containing Mg alloys was given in section
3.3.3 and will apply here.
In order to discern the probability for precipitation of the expected corrosion products from experiments, a
thermodynamic treatment of their equilibrium reactions was performed to generate stability diagrams.
The corrosion products considered were:
Brucite

Mg(OH)2

Hydromagnesite

Mg5(CO3)4(OH)2(H2O)4

LDH - Hydrotalcite (CO32-)

Mg3Al1.019(CO3)0.472(OH)8.133 . 2.53H2O

LDH - Hydrotalcite (Cl-)

Mg2Al(OH)6Cl

LDH - Meixnerite

Mg6Al2(OH)18 . 4H2O

The approach analyzed the change in the compounds reaction stability over a range of pH values with
respect to a change in Mg2+ present in solution. The Mg2+ ion was utilized for its commonality between all
the reactions. The same set of equations were also varied with respect to the CO2 (aq) concentration
present in the solution as CO32-, showing the dependence for hydromagnesite, and hydrotalcite (CO32-).
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The equilibrium equations used for the calculations of these stability diagrams are listed below, with in
depth derivations found in Appendix 2 [48,49,50,51,52]. Additionally the aluminate ion (Al(OH)4-) was
substituted for the Al3+ because these phases are stable at high pH:
𝑀𝑔(𝑂𝐻)2 ↔ 𝑀𝑔2+ + 2𝑂𝐻 − 𝐾𝑠𝑝 = 10−11.16

(5.1)

𝒍𝒐𝒈[𝑴𝒈𝟐+ ] = 𝟏𝟔. 𝟖 + 𝟐𝒑𝑯

2𝑀𝑔2+ + 𝐴𝑙 3+ + 𝐶𝑙 − + 6𝑂𝐻 − ↔ 𝑀𝑔2 𝐴𝑙(𝑂𝐻)6 𝐶𝑙
𝐥𝐨𝐠[𝑴𝒈𝟐+ ] = 𝟔. 𝟒𝟔 − 𝒑𝑯

𝐾𝑠𝑝 = 1052.12

(5.2)

[Cl-] = 0.9 M and [Al(OH)4-] = 1 x 10-4 M

3𝑀𝑔2+ + 1.019𝐴𝑙 3+ + 0.472𝐶𝑂32− + 8.133𝑂𝐻− + 2.53𝐻2 𝑂 ↔ 𝑀𝑔3 𝐴𝑙1.019 (𝐶𝑂3 )0.472 (𝑂𝐻)8.133 ∙
2.53𝐻2 𝑂 𝐾𝑠𝑝 = 1068.9
(5.3)
𝒍𝒐𝒈[𝑴𝒈𝟐+ ] = 𝟏𝟏. 𝟖𝟒 −

𝟒.𝟗𝟖
𝟑

𝒑𝑯

[Al(OH)4-] = 1 x 10-4 M

𝑀𝑔5 (𝐶𝑂3 )4 (𝑂𝐻)2 ∙ 4𝐻2 𝑂 + 2𝐻 + ↔ 5𝑀𝑔2+ + 4𝐶𝑂32− + 6𝐻2 𝑂(𝑙) 𝐾𝑠𝑝 = 10−12.1

(5.4)

𝒍𝒐𝒈[𝑴𝒈𝟐+ ] = 𝟏𝟒. 𝟖𝟔 − 𝟐𝒑𝑯

6𝑀𝑔(𝑂𝐻)2 + 2𝐴𝑙(𝑂𝐻)3 + 4𝐻2 𝑂 ↔ 𝑀𝑔6 𝐴𝑙2 (𝑂𝐻)18 ∙ 4𝐻2 𝑂
𝟓

𝒍𝒐𝒈[𝑴𝒈𝟐+ ] = 𝟏𝟏. 𝟗𝟐 − 𝟑 𝒑𝑯

𝐾𝑠𝑝 = 1010.1

(5.5)

[Al(OH)4-] = 1 x 10-4 M

The results of these equations are presented in Figure 5.12 with the plot in a) showing the corrosion
products dependence with respect to pH and [Mg2+] concentration at a constant PCO2= 10-3.5 atm content
and b) revealed the corrosion products dependence with respect to pH and PCO2 at a constant [Mg2+]=10-4
M. In all cases, the area of the plots in the lower left represent where the Mg2+ will be stable while the
upper right of the plots represent where the corrosion product under consideration will be stable.
Therefore the most stable phase with respect to pH and Mg2+ content at the atmosphere’s level of PCO2
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will be hydromagnesite [26,28]. The inlaid plot in Figure 5.12 a reveals how a variation in pH by ~0.2
will change the preferred corrosion product from hydromagnesite to meixnerite and hydrotalcite (CO32-).
The plot in Figure 5.12 b reveals the sensitivity of the hydromagnesite phase to PCO2 content and reveals
the hydrotalcite (CO32-) followed by the meixnerite phase becomes more stable than the hydromagnesite
phase after a small reduction (10-3.5 to 10-3.1 atm) in PCO2. Regardless of the phase, all carbonate
containing corrosion products and LDH phases will be more stable than Mg(OH) 2 on its own. It is also
interesting to note the meixnerite phase will have no dependence on PCO2 content and was found to be
more stable, in general, than the hydrotalcite (Cl-) and hydrotalcite (CO32-) phase.
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Figure 5.12: Plots for the thermodynamic stability of the experimentally observed corrosion products of
the Mg alloys after salt spray exposure for a) pH versus Mg2+ concentration at a constant PCO2 = 1 x 10-3.5,
and b) PCO2 versus pH at a constant [Mg2+] = 1 x 10-4 M. Other constants are [Cl-] = 0.9 M and [Al(OH)4-]
= 1 x 10-4 M.
The thermodynamic analysis in conjuncture with the experimental results in section 5.3 helps describe the
interplay between the corrosion products formed on each Al containing Mg alloy. For the AZ91D alloy,
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the only detectable corrosion product was the LDH phase and from FTIR, in Figure 5.11, it was verified
by the asymmetric stretching mode for CO32- to be the hydrotalcite (CO32-) phase. The previous
explanation of the LDH formation under full immersion conditions from section 3.3.3 applies here with
sufficient Al ions required for the precipitation of the hydrotalcite (CO32-) phase. An additional
complexity for the salt spray exposures is the cycling of electrolyte on the alloy surface indicating less
time for the electrolyte to produce sufficient Al ions for the LDH precipitation, assuming the expected
precipitation path way is by aluminate ion incorporation into the Mg(OH) 2 structure. However, the
abundance of Al present in the AZ91D alloy made it possible for the Mg2+/Al3+ ratio to be met and
allowed for the hydrotalcite (CO32-) precipitation.
The as-received AZ31B-H24 and AM60B showed hydromagnesite and Mg(OH)2 as the most abundant
corrosion products, with signs of a LDH phase. The LDH phase was observed for both alloys from GIXRD however the asymmetric peak at 1,370 cm-1 was not observed by FTIR, suggesting the CO32absorption peaks were primarily from hydromagnesite, in Figure 5.6, Figure 5.7, Figure 5.9, and Figure
5.10. This suggests the LDH phase formed was most likely meixnerite, correlating well with the expected
thermodynamic stability from Figure 5.12 where hydromagnesite was found to be stable at lower pH and
high PCO2 values than hydrotalcite (CO32-). If we assume a majority of the CO32- was used for the
formation of hydromagnesite, then the Al cations present in solution could lead to the formation of
meixnerite and the observed XRD peaks at 2θ = 11o and 22.5o in Figure 5.6 and Figure 5.7. The LP
AM60B and LP AZ31B-H24 observed GI-XRD peaks indicative of LDH as their only corrosion product.
However, the asymmetric peak from FTIR for the hydrotalcite (CO32-) phase was not observed for the LP
AM60B and AZ31B-H24 surfaces, in Figure 5.9 and Figure 5.10, suggesting meixnerite or possibly a
non-crystalline LDH phase with a mixed intercalated anion of OH- and CO32- [45].
Irrespective of the exact compound of LDH which develops, the formation as an abundant corrosion
product across the corroding surface has been shown regardless of the Al containing Mg alloy and
regardless of the chemical homogeneity present at the alloys surface. The chemical homogenization
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provided by laser processing helps suppress the formation of other potential corrosion products like
hydromagnesite and Mg(OH)2 by limiting the intense localized corrosion typical for these alloys. A
reduction in localized corrosion slows the general corrosion rate of the alloy, limiting the increase in pH
and Mg2+ concentration of the corroding electrolyte, both of which are necessary for the precipitation of
the corrosion products.
Overall, the work of this thesis suggests all Al containing Mg alloys are capable of forming a LDH phase,
even in aggressive corrosive electrolytes like 0.9 M NaCl and without a chemically homogeneous
microstructure. A special conversion coating process is not required for the precipitation of a LDH phase
on these alloys. That means future analysis of Al containing Mg alloys should consider LDH phase
production, in particular when localized corrosion (like FFC) is not observed.
The formation of LDH phases for the purpose of improved corrosion resistance has gained significant
attention recently and has been billed as an environmentally friendly conversion coating. That said, a
conversion coating process could be tailored to optimize the formation of the most stable LDH phase
(containing CO32-) likely increasing the time to initiation of FFC on the LP Mg alloys further [42,43].

5.5 Summary of B117 results
The artificial atmospheric exposure test, ASTM B117, has been utilized to observe the accelerated
atmospheric corrosion behavior of the LP Al containing Mg alloys used in this thesis. In comparison to
their as-received alloy condition, LP of the alloys improved the corrosion resistance of all alloys albeit
less dramatically than predicted by full immersion experiments. Analysis of corrosion product after a 21
day salt spray exposure revealed the precipitation of hydromagnesite, Mg(OH)2, and a LDH phase, with a
summary of what corrosion products were observed on what specimen in Table 5.1. Corroboration of the
detected corrosion products was performed by thermodynamic stability diagrams which suggest the
precipitation of hydromagnesite, hydrotalcite (CO32), and meixnerite were all more likely than Mg(OH) 2.
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In addition the LDH phases become more thermodynamically favorable to form than hydromagnesite at
lower PCO2 levels.
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Chapter 6: Summary and future work
This thesis investigated the impact excimer laser processing has on the chemical homogenization of three
Mg alloys (AZ31B-H24, AM60B, and AZ91D) and elaborates on the key mechanisms for promoting the
dissolution of secondary phase particles by laser processing; solid-liquid diffusion and liquid mixing
aided by the plasma pressure wave. Laser processing was most successful at dissolving secondary phase
particles at or below a radius of 250 nm. The larger, often higher melting temperature phases composed of
Al and Mn, were seldom completely dissolved. That said, the resulting material transport generated by the
plasma pressure wave led to significant coverage of the larger particles with liquid Mg, minimizing their
impact as effective cathodes during corrosion. The exploration of laser processing parameters (fluence,
pulse per area, and pressure) helped optimize the laser treatment for chemical homogenization and the
reduction in the corrosion rate of these alloys in chloride containing aqueous solutions.
The corrosion response for all laser processed alloys exhibited an increase in initiation time of filiformlike corrosion (FFC). Typical FFC initiation times for the as-received alloys immersed in stagnant 0.6 M
NaCl was 10 and 60 minutes for the wrought and cast alloys, respectively. The initiation times were
extended to 1,440 and 3,600 minutes for the laser processed wrought and cast alloys, respectively. This
increase in FFC initiation time has never been observed for these alloys without the application of a
coating. Time dependent electrochemical impedance measurements demonstrated an order of magnitude
increase in global polarization resistance for the laser processed alloys in comparison to their as-received
condition, which persisted until FFC was initiated. In addition, a laser processed AZ31B-H24 specimen
which was scratched through to the underlying bulk material exhibited similar delay of FFC initiation,
similar to a scratch protective coating such as galvanizing.
Another critical finding in this section showed that all specimens were capable of forming a LDH phase
as a corrosion product. The somewhat uniform coverage of the LDH phase on all alloy surfaces, asreceived and laser processed, suggest the suppression of FFC initiation is mostly controlled by the lack of
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secondary phase particles present at the laser processed surface. The LDH phase may be more stable and
precipitate at a lower pH than Mg(OH)2, the corrosion product commonly considered to form, however
the intensity of the micro-galvanic couples generated by the as-received alloys heterogeneous
microstructures leads to the initiation of FFC regardless of the corrosion product.
The time to FFC initiation was further increased after the application of a multilayered coating on a laser
processed AZ31B-H24 specimen, composed of MgO/Mg(OH)2 and Gd(OH)3. The coating acted primarily
as a passive layer, preventing the corrosive media from reaching the underlying AZ31B-H24. As the
coating began to degrade, a re-passivating like phenomenon occurred, which was paramount in extending
the time for FFC initiation of the laser processed AZ31B-H24 alloy to 4,320 minutes versus 1,440
minutes.
Finally, accelerated atmospheric corrosion exposures were performed on all Mg alloys examined in this
study utilizing the ASTM B117 standard experiment. Overall, the gravimetric mass loss results
determined a reduction in corrosion rate for all laser processed specimens in comparison to their asreceived condition. The stability of these LDH phases (hydrotalcite/meixnerite) was verified through
thermodynamic calculations and found to be more likely to form than Mg(OH)2 and hydromagnesite (at
PCO2 < 1x10-4 atm). The LDHs were more readily detected on the laser processed specimens, a result of
the less intense and lower coverage of localized corrosion.
Future work: There have been a number of projects spawned from my thesis work with the potential for
many more. The studies investigating a change in electrochemical response (impedance) in correlation
with the changing corrosion morphology is an area of great interest, found in section 1.6. Preliminary
results have suggested the corrosion mechanism controlling stage II FFC is different than stage III from a
change in time impedance time constants. It is hypothesized that the shift from stage II to stage III FFC
will modify the source of the “remote anodic current” which is a controlling factor in the propagation of
the corrosion filaments. Results of impedance measurements taken at anodic potentials has observed the
existence of several inductive loops for the AZ31B specimen while immersed in NaCl solutions, with the
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time constants for these inductive loops changing upon the shift from stage II to stage III FFC. The use of
rotating disc electrode experiments would accompany these impedance experiments to control the mass
transport of Cl- ions to the materials surface, assumed to be a critical factor of the initiation and
propagation of FFC, and likely an integral part of the corrosion mechanism.
This thesis hypothesized the improvement to the corrosion resistance of laser processed specimens was
dictated by the mitigation of micro-galvanic coupling while the formation of a LDH phase was observed
to form on all surfaces, regardless of their microstructure. Investigations are required to define the
stability and precipitation route of the LDH formed on the Mg alloy surfaces, in particular for the case of
a solution without CO32- present (does CO2 play a leading role in the LDH formation?). A primary study
would utilize a pure Mg substrate and observe the corrosion products formed when immersed in solutions
of varying pH, Al ion content (Al3+ / Al(OH)4-), and CO32- content. From a more practical application, the
AZ91D alloys with their abundant Al content appeared to form the LDH easily, and experiments could be
devised to observe this precipitation reaction, possibly using an in situ electrochemical cell in a TEM.
Studies without CO32- present in the solution could determine if the meixnerite phase is the likely
alternative to hydrotalcite, and if it will form in Cl- containing solutions as well. In a similar vein, the
possibility for the LDH to absorb Cl- ions could be investigated, even in the presence of CO32- which is
prescribed as the most stable anion to intercalate into the LDH structure.
The analytical calculations performed to describe the laser processing study could be applied to a number
of other Mg or Al alloys, such as WE43B, with a different set of secondary phase particles and allow for
similar chemical homogenization of the surface microstructure. Characterization of these new laser
processed alloys could critically look at the dissolution of prominent secondary phases and the resulting
corrosion product.
The use of excimer laser processing of Mg alloy weld zones is hypothesized to mitigate the macroscale
galvanic corrosion between weld zones for autogenously and heterogeneously welded material.
Preliminary work has shown the ability of laser processing to mitigate the galvanic coupling between
189

autogenous weld zones, however the current studies were performed for the ideal situation of a polished
surface. Corrosion experiments are currently being prepared for autogenously and heterogeneously
welded AZ31B plate with and without a laser treatment, utilizing an atmospheric corrosion exposure. The
chemically homogeneous microstructures produced by laser processing are expected to equalize the
corrosion potential at each weld zone, reducing the driving force for galvanic coupling. Another route for
this work could observe the impact laser processing has on dissimilar welds between Mg and Al alloys,
potentially creating a less abrupt chemical gradient leading to a less severe galvanic coupling. Additional
atmospheric exposures could also be pursued with the inclusion of drying and wetting cycles or a more
realistic salt solution to sea water. Specimens could also be sent to the Kennedy space center (or
Birdwood) for actual outdoor corrosion exposure.
Future work regarding the Mg/Gd coated specimens should include pretreatment experiments of the
coatings themselves using phosphate based solutions. The phosphate phases formed by Mg and Gd are
vastly superior in thermodynamic stability with respect to these elements hydroxide phases. A laser
processing pretreatment should still be applied as a reduction in the general corrosion rate will still be
beneficial. Additionally, if conversion of the coating can yield a Mg or Gd phosphate, then the protection
afforded in NaCl containing solutions should exceed what was previously observed, where this
conversion like step occurred in the NaCl solution.
Finally, it is hypothesized the multilayered Mg/Gd coating will dramatically improve the corrosion
resistance and cell viability of a Mg alloy utilized as an implant because the Gd portion of the coating will
convert to the very stable Gd phosphate, slowing the corrosion of the underlying Mg alloy and allow it to
form its own stable phosphate corrosion product. Additional studies are in progress to observe the laser
processed and the coated specimen’s cell viability, cell adherence, and corrosion rate while immersed in
minimum essential media (MEM). A patent has been applied for with regards to this coating and laser
processing strategy for Mg alloys used as implants.
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Appendix 1: Standard measurements for ATR-FTIR and XRD.

IR absorption spectra for hydromagnesite, in top left is zoomed in on the CO32- asymmetric bending
peaks.

IR absorption spectra for nesquehonite, in top left is zoomed in on the CO32- asymmetric bending peaks.
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IR absorption spectra for magnesite, in top left is zoomed in on the CO32- asymmetric bending peak.

IR absorption spectra for brucite (Mg(OH)2).
M. Jonsson, D. Persson, D.Thierry, “Corrosion product formation during NaCl induced atmospheric
corrosion of magnesium alloy AZ91D”, Corrosion Science, 2007, vol. 49, 1540-1558.
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IR absorption spectra for Mg,Al – hydrotalcite formed on a AZ91D alloy by immersion in a CO2
saturated water solution for 2 hours followed by immersion in a carbonic acid containing solution at a pH
of 11.5 for 2 hours.

J.K. Lin, J.Y. Uan, Formation of Mg,Al-hydrotalcite conversion coating on Mg alloy in aqueous HCO3/CO32- and corresponding protection against corrosion by the coating, Corrosion Science, 2009, vol. 51,
1181-1188.
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Standard XRD pattern for α-Mg

Standard XRD pattern for β-Mg17Al12.
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Standard XRD pattern of Mg(OH)2 – brucite.

Standard XRD pattern of MgO.
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Standard XRD pattern of MgCO3 – magnesite.

Standard XRD pattern of Mg5(CO3)4(OH)2 . 4H2O – hydromagnesite.
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Standard XRD pattern for most hydrotalcite like phases (or layered double hydroxides) –
Mg0.83Al0.17(CO3)0.08(OH)2 . 0.75 (H2O)
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Standard XRD pattern for pure Gd.

Standard XRD pattern (JCPDS 83-2037) for Gd(OH)3 from:
Y. Kobayashi, H. Morimoto, T. Nakagawa, Y. Kubota, K. Gonda, N. Ohuchi, Fabrication of gadolinium
hydroxide nanoparticles using ion-exchange resin and their MRI property, Journal of Asian Ceramic
Societies, 4 (2016) 138-142.
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Appendix 2: Calculation of solubility equations
Variation of Mg(OH)2 precipitation with pH:
𝑀𝑔(𝑂𝐻)2 ↔ 𝑀𝑔2+ + 2𝑂𝐻 − 𝐾𝑠𝑝 = 10−11.16
10−11.16 =

[𝑀𝑔2+ ][𝑂𝐻− ]2
[𝑀𝑔(𝑂𝐻)2 ]

−11.16 = 𝑙𝑜𝑔[𝑀𝑔2+ ] + 2𝑙𝑜𝑔[𝑂𝐻 − ]
−11.16 = 𝑙𝑜𝑔[𝑀𝑔2+ ] − 28 + 2𝑝𝐻
𝑙𝑜𝑔[𝑀𝑔2+ ] = 16.8 + 2𝑝𝐻

To substitute in for Al3+ making it pH dependent:
𝐴𝑙(𝑂𝐻)3 ↔ 𝐴𝑙 3+ + 3𝑂𝐻 − 𝐾𝑠𝑝 = 10−32.7
10−32.7 = [𝐴𝑙 3+ ][𝑂𝐻− ]3
−32.7 = 𝑙𝑜𝑔[𝐴𝑙 3+ ] + 3𝑙𝑜𝑔[𝑂𝐻 − ]
−32.7 − 3𝑝𝑂𝐻 = 𝑙𝑜𝑔[𝐴𝑙 3+ ]
𝑙𝑜𝑔[𝐴𝑙 3+ ] = −32.7 + 42 − 3𝑝𝐻

The value for Mg(OH)2 and Al(OH)3 precipitation could be found in multiple sources and were taken
from Tamura et al. here.
Al corrodes and Al(OH)3 can dissolve at high pH values and form the aluminate ion, commonly an ion
used in the formation of hydrotalcite:
𝐴𝑙 3+ + 4𝑂𝐻 − ↔ 𝐴𝑙(𝑂𝐻)4
1033 =

−

𝐾𝑠𝑝 = 1033

[𝐴𝑙(𝑂𝐻)4 − ]
[𝐴𝑙 3+ ][𝑂𝐻 − ]4

−
33 = log[𝐴𝑙(𝑂𝐻)4 ] − 𝑙𝑜𝑔[𝐴𝑙 3+ ] − 4𝑙𝑜𝑔[𝑂𝐻 − ]
−
𝑙𝑜𝑔[𝐴𝑙 3+ ] = log[𝐴𝑙(𝑂𝐻)4 ] − 33 + 56 − 4𝑝𝐻
−
𝑙𝑜𝑔[𝐴𝑙 3+ ] = log[𝐴𝑙(𝑂𝐻)4 ] + 23 − 4𝑝𝐻
−
Assumed [𝑨𝒍(𝑶𝑯)𝟒 ] = 𝟏𝒙𝟏𝟎−𝟒 𝑴 although this is pH dependent
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Hydrotalcite (Cl-)
2𝑀𝑔2+ + 𝐴𝑙 3+ + 𝐶𝑙 − + 6𝑂𝐻 − ↔ 𝑀𝑔2 𝐴𝑙(𝑂𝐻)6 𝐶𝑙
1052.12 =

𝑀𝑔2 𝐴𝑙(𝑂𝐻)6 𝐶𝑙
2+
[𝑀𝑔 ]2 [𝐴𝑙 3+ ][𝐶𝑙− ][𝑂𝐻− ]6

1052.12 =

𝑀𝑔2 𝐴𝑙(𝑂𝐻)6 𝐶𝑙
2+
[𝑀𝑔 ]2 [𝐴𝑙 3+ ][𝐶𝑙− ][𝑂𝐻− ]6

𝐾𝑠𝑝 = 1052.12

𝑀𝑔2 𝐴𝑙(𝑂𝐻)6 𝐶𝑙 = 1
52.12 = −2 log[𝑀𝑔2+ ] − 𝑙𝑜𝑔[𝐴𝑙 3+ ] − 𝑙𝑜𝑔[𝐶𝑙 − ] − 6𝑙𝑜𝑔[𝑂𝐻 − ]
−
𝑙𝑜𝑔[𝐴𝑙 3+ ] = log[𝐴𝑙(𝑂𝐻)4 ] + 23 − 4𝑝𝐻

−𝑙𝑜𝑔[𝑂𝐻 − ] = 𝑝𝑂𝐻 = 14 − 𝑝𝐻
−
52.12 = −2 log[𝑀𝑔2+ ] −log[𝐴𝑙(𝑂𝐻)4 ] − 23 + 4𝑝𝐻 − 𝑙𝑜𝑔[𝐶𝑙 − ] + 84 − 6𝑝𝐻
−
2 log[𝑀𝑔2+ ] = 8.88 − 2𝑝𝐻 − 𝑙𝑜𝑔[𝐶𝑙 − ] −log[𝐴𝑙(𝑂𝐻)4 ]

1
1
−
log[𝑀𝑔2+ ] = 4.44 − 𝑝𝐻 − 𝑙𝑜𝑔[𝐶𝑙 − ] − log[𝐴𝑙(𝑂𝐻)4 ]
2
2
[𝐶𝑙 − ] = 0.9𝑀
The value and equation used for this study was taken from Boclair and Braterman.
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Meixnerite:
𝑀𝑔6 𝐴𝑙2 (𝑂𝐻)18 ∙ 4𝐻2 𝑂 ↔ 6𝑀𝑔(𝑂𝐻)2 + 2𝐴𝑙(𝑂𝐻)3 + 4𝐻2 𝑂

𝐾𝑠𝑝 = 10−10.1

(𝑀𝑔(𝑂𝐻)2 ↔ 𝑀𝑔2+ + 2𝑂𝐻 − 𝐾𝑠𝑝 = 10−11.16)6
(𝐴𝑙(𝑂𝐻)3 ↔ 𝐴𝑙 3+ + 3𝑂𝐻 − 𝐾𝑠𝑝 = 10−32.7 )2
𝑀𝑔6 𝐴𝑙2 (𝑂𝐻)18 ∙ 4𝐻2 𝑂 ↔ 6𝑀𝑔2+ + 2𝐴𝑙 3+ + 18𝑂𝐻 − + 4𝐻2 𝑂
10−142.46 =

𝐾𝑠𝑝 = 10−142.46

[𝑀𝑔2+ ]6 [𝐴𝑙 3+ ]2 [𝑂𝐻 − ]18 [𝐻2 𝑂]4
𝑀𝑔6 𝐴𝑙2 (𝑂𝐻)18 ∙ 4𝐻2 𝑂

−142.46 = 6𝑙𝑜𝑔[𝑀𝑔2+ ] + 2𝑙𝑜𝑔[𝐴𝑙 3+ ] + 18𝑙𝑜𝑔[𝑂𝐻 − ]
−
𝑙𝑜𝑔[𝐴𝑙 3+ ] = log[𝐴𝑙(𝑂𝐻)4 ] + 23 − 4𝑝𝐻
−
−142.46 = 6𝑙𝑜𝑔[𝑀𝑔2+ ] + 2 log[𝐴𝑙(𝑂𝐻)4 ] + 46 − 8𝑝𝐻 − 252 + 18𝑝𝐻

5
1
−
𝑙𝑜𝑔[𝑀𝑔2+ ] = 10.59 − 𝑝𝐻 − log[𝐴𝑙(𝑂𝐻)4 ]
3
3

The Ksp was derived from Gibb’s free energy of formation data from “Review of the synthesis of LDH”.
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Needed to put CO32- in terms of pH:
𝐶𝑂2

𝐶𝑂2 (𝑔) ↔ 𝐶𝑂2 (𝑎𝑞) 𝐾𝐻

= 10−1.5

𝐶𝑂2 (𝑎𝑞) = 𝐻2 𝐶𝑂3∗
[𝐻2 𝐶𝑂3∗ ] = 𝑃𝐶𝑂2 ∗ 𝐾𝐻𝐶𝑂2
𝑃𝐶𝑂2 = 10−3.5 𝑡𝑜 10−3.4 𝑎𝑡𝑚
[𝐻2 𝐶𝑂3∗ ] = 10−3.5 ∗ 10−1.5 = 10−5
This value can vary depending on the partial pressure of CO2 in the atmosphere.
𝐻2 𝐶𝑂3∗ ↔ 𝐻 + + 𝐻𝐶𝑂3− 𝐾𝑠𝑝 = 10−6.3
𝐻𝐶𝑂3− ↔ 𝐻 + + 𝐶𝑂32− 𝐾𝑠𝑝 = 10−10.3
Therefore:
𝐻2 𝐶𝑂3∗ ↔ 2𝐻 + + 𝐶𝑂32− 𝐾𝑠𝑝 = 10−16.6
The general formula for CO32- in terms of pH is:
10−16.6 =

[𝐶𝑂32− ][𝐻 + ]2
[𝐻2 𝐶𝑂3∗ ]

−16.6 = 𝑙𝑜𝑔[𝐶𝑂32− ] + 2𝑙𝑜𝑔[𝐻 + ] − 𝑙𝑜𝑔(10−5 )
𝑙𝑜𝑔[𝐶𝑂32− ] = −21.6 + 2𝑝𝐻
This formula will be plugged into equations with CO32- in them and the CO2 (g) content will be varied by
changing the [𝐻2 𝐶𝑂3∗ ] concentration. The values in this section were taken from the Aquatic Chemistry
book.
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Derivation of hydrotalcite (CO32)-:
3𝑀𝑔2+ + 1.019𝐴𝑙3+ + 0.472𝐶𝑂32− + 8.133𝑂𝐻− + 2.53𝐻2 𝑂
↔ 𝑀𝑔3 𝐴𝑙1.019 (𝐶𝑂3 )0.472 (𝑂𝐻)8.133 ∙ 2.53𝐻2 𝑂 𝐾𝑠𝑝 = 1068.9

1068.9 =

𝑀𝑔3 𝐴𝑙1.019 (𝐶𝑂3 )0.472 (𝑂𝐻)8.133 ∙ 2.53𝐻2 𝑂
2+
[𝑀𝑔 ]3 [𝐴𝑙 3+ ]1.019 [𝐶𝑂32− ]0.472 [𝑂𝐻− ]8.114 [𝐻2 𝑂]2.53

[𝑀𝑔3 𝐴𝑙1.019 (𝐶𝑂3 )0.472 (𝑂𝐻)8.133 ∙ 2.53𝐻2 𝑂] = 1
[𝐻2 𝑂] = 1
68.9 = −3𝑙𝑜𝑔[𝑀𝑔2+ ] − 1.019𝑙𝑜𝑔[𝐴𝑙 3+ ] − 0.472𝑙𝑜𝑔[𝐶𝑂32− ] − 8.114𝑙𝑜𝑔[𝑂𝐻 − ]
−
𝑙𝑜𝑔[𝐴𝑙 3+ ] = log[𝐴𝑙(𝑂𝐻)4 ] + 23 − 4𝑝𝐻

𝑙𝑜𝑔[𝐶𝑂32− ] = −21.6 + 2𝑝𝐻
−𝑙𝑜𝑔[𝑂𝐻 − ] = 𝑝𝑂𝐻 = 14 − 𝑝𝐻
−
68.9 = −3𝑙𝑜𝑔[𝑀𝑔2+ ] − 1.019(log[𝐴𝑙(𝑂𝐻)4 ] + 23 − 4𝑝𝐻) − 0.472(−21.6 + 2𝑝𝐻)
+ 8.114(14 − 𝑝𝐻)
−
3𝑙𝑜𝑔[𝑀𝑔2+ ] = 31.4542 − 1.019 log[𝐴𝑙(𝑂𝐻)4 ] + 11.246𝑝𝐻

𝑙𝑜𝑔[𝑀𝑔2+ ] = 10.48 −

5
1.019
−
𝑝𝐻 −
log[𝐴𝑙(𝑂𝐻)4 ]
3
3

The values for this hydrotalcite were taken from Rosov et al. It coincided with similar values obtained by
Sato et al. considering the variation in stoichiometry.
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Derivation of hydromagnesite (Mg5(CO3)4(OH)2 . 4H2O) – the primary corrosion product commonly
found for Mg-Al alloys during atmospheric corrosion, Ksp value is from experiments on naturally
occurring hydromagnesite by Xiong:

𝑀𝑔5 (𝐶𝑂3 )4 (𝑂𝐻)2 ∙ 4𝐻2 𝑂 + 10𝐻 + ↔ 5𝑀𝑔2+ + 4𝐶𝑂2 (𝑔) + 10𝐻2 𝑂(𝑙) 𝐾𝑠𝑝 = 1060.3
This equation was made to incorporate CO32- and became:
𝑀𝑔5 (𝐶𝑂3 )4 (𝑂𝐻)2 ∙ 4𝐻2 𝑂 + 2𝐻 + ↔ 5𝑀𝑔2+ + 4𝐶𝑂32− + 6𝐻2 𝑂(𝑙) 𝐾𝑠𝑝 = 10−12.1

10−12.1 =

[𝑀𝑔2+ ]5 [𝐶𝑂32− ]4 [𝐻2 𝑂]6
[𝑀𝑔5 (𝐶𝑂3 )4 (𝑂𝐻)2 ∙ 4𝐻2 𝑂] [𝐻 + ]2

[𝑀𝑔5 (𝐶𝑂3 )4 (𝑂𝐻)2 ∙ 4𝐻2 𝑂] = 1
[𝐻2 𝑂]6 = 1
−12.1 = 5𝑙𝑜𝑔[𝑀𝑔2+ ] + 4𝑙𝑜𝑔[𝐶𝑂32− ] − 2𝑙𝑜𝑔[𝐻 + ]
𝑙𝑜𝑔[𝐶𝑂32− ] = −21.6 + 2𝑝𝐻
−12.1 = 5𝑙𝑜𝑔[𝑀𝑔2+ ] − 86.4 + 8𝑝𝐻 + 2𝑝𝐻
𝑙𝑜𝑔[𝑀𝑔2+ ] = 14.86 − 2𝑝𝐻
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Other potentially relevant equations to consider:
Mg2(OH)3Cl . 4H2O + 3H+  2Mg2+ + Cl- + 7H2O

Kso = 10 26
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