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Abstract 
Amorphous materials are often touted as having superior corrosion resistance due 

to the presence of a supersaturated solid solution and the absence of structural and 

chemical non-uniformities. However, the role of nanostructural changes on the corrosion 

properties of metallic solid solution alloys is unclear. The objective of this research is to 

utilize model binary and ternary solid solution alloys to investigate the effect of structural 

ordering on corrosion properties in the absence of an accompanying chemical 

partitioning. Two model alloy systems were selected for this study. The first was 

amorphous Cu75Hf20Dy05 which undergoes single phase devitrification to a 

stoichiometrically equivalent crystalline solid solution. The second alloy was crystalline 

Fe50Pd50 which undergoes an order-disorder transformation and forms both ordered or 

disordered phases of the same composition. The nanoscale chemical and structural 

characteristics of these alloys were interrogated using a combination of x-ray diffraction, 

electron backscatter diffraction, scanning transmission electron microscopy and atom 

probe tomography. A broad survey of the global corrosion behavior of these alloys was 

conducted in the active, passive, and localized breakdown corrosion regimes. These 

studies identified specific conditions where the difference in nanostructure led to 

pronounced differences in corrosion behavior. 

Because the amorphous Cu75Hf20Dy05 alloy crystallizes to a single phase it is an 

ideal solid solution alloy for the study of effects of nanostructure on corrosion properties. 

Importantly, the alloy is a mixture of elements with substantially different 

electrochemical behavior involving a readily passivated refractory element (Hf) and a 

transition metal (Cu) that can be active or passive depending on conditions. The 
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amorphous structure is more susceptible to passive film breakdown and exhibits 

increased dissolution of Cu compared to the crystalline state. Both passivity and 

dissolution behavior strongly indicate that the role of nanostructure, in particular short 

range compositional variations, is significant. In the case of the amorphous alloy, the lack 

of a periodic structure with sufficient Hf concentration reduced the ability of the oxide to 

enrich in Hf and form a covering surface net. During active dissolution, Hf-Cu 1
st
 and 2

nd
 

nearest neighbor bonds are speculated to restrict Cu dissolution. Hf lean regions are 

theorized to result from short and medium range order in the metallic glass and this 

promotes Cu dissolution under conditions where no oxide is formed. 

The interplay of corrosion behavior of the constituent elements in Cu75Hf20Dy05 is 

reversed in hydrofluoric acid solution. Preferential Hf dissolution resulted in a 

nanoporous Cu structure with a pore diameter of around 10 nm. Remaining copper 

reorganized by surface diffusion to form an fcc Cu nanostructure in both conditions. 

Dissolution and reorganization to form fcc Cu occurred more readily in the amorphous 

Cu75Hf20Dy05 alloy compared to its crystalline counterpart resulting in a more uniform 

nanoporous structure. This was found to be likely due to faster surface diffusion in the 

amorphous structure. 

Atom probe tomography and composition sensitive annular dark-field imaging 

characterization of the Cu75Hf20Dy05 amorphous alloy was compared to experimental and 

modeling of clustering in similar Cu-Zr amorphous metals where significant short and 

medium range order in the form of clustering were found. The study of amorphous and 

crystalline Cu75Hf20Dy05 indicates that the ordered crystal structure plays a dominant role 

in the corrosion behavior due to less clustering and the more periodic presence of 
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beneficial solute atoms at the atomic scale which can enhance oxide formation, impede 

dissolution and alter surface diffusion. These results suggest a negative impact due to 

random atomic clustering in the amorphous state. 

Fe50Pd50 forms ordered (pT) and disordered (fcc) crystalline structures without 

compositional variation between the phases. These two structural states were studied in 

the passive, active, and passive-localized breakdown conditions through studies 

encompassing a wide range of pH and solution environments, including those with and 

without chloride. A sharp contrast between the two phases was observed during 

dissolution in acidic environments. The dissolution behavior of disordered Fe50Pd50 was 

found to strongly relate to the crystallographic orientation of specific grains. Similar 

dissolution behavior was not observed for the ordered structure, which dissolves more 

quickly than the disordered structure. 

The susceptibility to dissolution of the disordered structure in this acidic 

environment was characterized for 300 grains forming a representative picture of the 

crystallographic nature of dissolution and surface roughness as a function of grain 

orientation. The {100} and {111} oriented grains had low surface roughness and showed 

the highest resistance to dissolution. Both surface roughness and dissolution were 

substantially increased for grain orientations near {110}. The orientations with the 

highest surface roughness and most dissolution had orientations between 10 and 20° from 

the {111} plane normal. Dissolution depth was found to linearly depend on the 

crystallographic angle from the {100} plane normal up to 40° and up to 10° from the 

{111} plane normal. However, the rate of increase in dissolution (per °) was higher near 

the {111} plane normal than the {100} plane normal. Highly dissolved orientations 
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exhibit structural faceting, and the overall dissolution rate of a given orientation is likely 

determined by the surface coverage of the slowly dissolving, low index, facets. 

This study provides an unprecedented investigation of the link between 

nanostructural details and macroscopic corrosion properties in solid solution alloys. This 

work helps elucidate the role of nanostructure on corrosion properties which is 

fundamentally important to a wide range of commercial materials. In particular, it 

underscores the care that must be taken in using amorphous alloys in applications where 

corrosion resistance is required. While increased solubility limits are a definite benefit to 

the corrosion resistance of amorphous alloys, the amorphous structure can have 

detrimental effects with respect to both passivity and dissolution resistance. Controlling 

texture is often utilized for improving crystalline alloy properties. The corrosion 

resistance of polycrystalline materials could also be engineered by selecting specific 

corrosion resistant orientations as long as the relationship between orientation and 

corrosion resistance is well defined. This study was the first to define that relationship 

comprehensively for a solid solution alloy. Lastly, this study points to new routes for the 

synthesis of nanoporous Cu based materials with controlled porosity which may have 

applications as far-ranging as catalysis and super-antimicrobial efficacy. 
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1    Introduction 
 

Generally, most crystalline alloy systems have chemical gradients at homophase 

and heterophase interfaces, e.g. precipitate phases, phase boundaries. Grain boundaries in 

multi-component alloys often have a deficiency of preferential solute or segregation of 

elements. Multiphase alloys, particularly containing passivating element alloying 

additions have insoluble phases, such as dispersoids, and can have regions of phase 

formation and alloying element partitioning that often serve as initiation sites for 

localized corrosion. These combined chemical and structural inhomogeneities serve as 

weak sites that can prove detrimental to the corrosion resistance. It is difficult determine 

what, if any, contributory detrimental effect exists due to structural change associated 

with these defects because there are both compositional and structural changes at the 

same time. 

An outstanding question in understanding the corrosion of amorphous alloys is 

whether the amorphous structure per se offers good corrosion resistance. Amorphous 

alloy systems have historically had their superior corrosion resistance attributed to 

several mechanisms [1, 2]. Amorphous structure lacks grain boundaries, dislocations, and 

precipitate phases all of which are often detrimental to corrosion resistance. Structural 

and chemical homogeneity prevent non-uniformities, or defects, which can serve as 

initiation sites for localized corrosion. Alternatively, increased solubility of beneficial 

solute elements can lead to the formation of a more stable oxide or a solid solution with 

better dissolution resistance [3, 4]. Thirdly, minor alloying elements, traditionally added 

for other reasons, may act in a beneficial way [5-8]. In practice, these alloys often have 

desirable material properties in a partially devitrified state [9]. However, partial 
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devitrification often results in a degradation of corrosion performance [10]. Poor 

corrosion performance upon devitrification is generally blamed on loss of one or more of 

these conditions. The role of structural defects without chemical change on corrosion 

properties is unclear; few studies have been conducted and their results are either 

inconclusive or do not provide a systematic analysis of the role structure.  

The purpose of this research is to systematically study the effect of strictly nano-

structural differences on uniform, passive, and localized corrosion in the absence of 

chemical non-uniformities. This can be achieved by choosing model homogenous solid 

solution alloy systems that undergo structural change without the accompanying change 

in chemical composition. Structural changes can consist of minute changes in structure 

e.g., relaxation of an amorphous alloy from a high to a low free volume state [11]. 

Moreover, certain disordered or amorphous alloys can devitrify to form ordered grains of 

the same composition embedded in an amorphous matrix. Some disordered crystalline 

alloys can order via a nucleation and growth phase transformation to ordered crystalline 

alloys. Special cases of these structurally changing systems can form both phases with the 

same composition. These model alloys serve as the basis for this study. 

This study focuses on an amorphous alloy, Cu75Hf20Dy05, which devitrifies to 

form a single crystalline phase of the same composition. Additionally, an order-disorder 

transformation in crystalline Fe50Pd50 with no change in composition between the ordered 

and disordered phase is studied. The corrosion behavior of these systems was 

systematically studied during active, passive, and passive/pitting conditions. 
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1.1  Metallurgical Background 

To adequately study amorphous alloy structure, the effect of structural change on 

corrosion properties the alloy systems and their phase transformations must be well 

characterized and understood.  Amorphous alloys result from undercooling a liquid below 

a critical temperature where the alloy solidifies without forming a crystalline phase. As a 

result, amorphous alloys have no long range order (LRO). The atomic arrangement of 

atoms in metallic glasses has been described by the dense random packing (DRP) 

geometric model in which a random arrangement of hard spheres was used to describe 

the pair distribution functions of binary alloys with similar atomic radii [12]. Dissimilar 

atomic radii can be taken into account by considering the coordination number of atoms, 

e.g. an atom can have more small atoms around it than large ones. Short range order 

(SRO) arises from the thermodynamic preferential ordering of the atoms across short 

length scales. Also present in amorphous structures is vacant free volume, although not in 

the sense of crystalline vacancies. In the free volume model [13], the unoccupied volume 

is described as the freely mobile areas within the lattice, i.e. no activation energy is 

required for redistribution. Recently free volume has been described as a relative change 

in coordination number of atoms from the ideal state creating bond deficiencies [14, 15]. 

A schematic representation of an A-B binary alloy structure is shown in Figure 1.1 for 

elements with dissimilar radius. 
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Figure 1.1. Binary A-B amorphous alloy structure with areas of increased free volume. 
 

Structural change in amorphous alloys systems occurs during structural 

relaxation, and devitrification. Relaxation often involves a decrease in free volume, bond 

length interaction radius, or compositional rearrangement of atoms without radical 

changes in composition and alloying element partitioning [11, 16, 17]. Amorphous alloys 

can crystallize to a single phase via a massive transformation without changing 

composition between the disordered amorphous phase and the precipitated crystalline 

phase.  

Crystalline alloys can also undergo a disordered to ordered crystalline phase 

transformation. In Fe50Pd50, both ordered (L10 structure) and disordered (fcc) phases have 

the same composition [18]. This system provides a good corollary system to the 

amorphous alloy system for the study of structure on corrosion properties. 

1.1.1  Amorphous Glass Relaxation 

In amorphous glasses, the atoms in the alloy are ‘frozen’ in position before the 

system has time to achieve an equilibrium crystal structure. Thus, amorphous alloys are 

disordered homogeneous solid solutions that lack the long range order present in their 

crystalline counterparts. Relaxation occurs when an amorphous alloy can achieve a lower 
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free energy through a thermally activated process without crystallization [19]. Annealing 

alloys below their crystallization temperature can cause diffusion of structural defects 

(e.g., free volume), topological short range ordering, or compositional short range 

ordering [16]. Topological SRO involves rearrangements of groups of atoms regardless 

of their chemical identities [20]. Chemical SRO occurs by short range diffusion as the 

atoms relax into equilibrium [16]. Relaxation can lead to pronounced changes in the 

Young’s modulus, microhardness and other material properties [11]. Topological 

changes, i.e. changes in the distance between atoms, and compositional reordering are of 

particular interest from a corrosion standpoint. For example, a large variation in atomic 

distance between atoms could facilitate or inhibit dissolution, or compositional short 

range variations of a beneficial solute atom could affect bonding energies and, in turn, 

affect corrosion performance. In support of this notion is the well-known fact that a 

crystallographic orientation dependence on pitting corrosion has been found in Be, Zn, 

and Mg single crystals [21, 22].  The orientation dependence observed in these studies 

suggests that bond distance and coordination number is quite relevant for corrosion 

resistance. 

The preceding discussion might lead to factors that are more prominent during 

active dissolution or pitting behavior as opposed to passive dissolution through an oxide 

film or passive film breakdown especially if the overlying passive oxide is amorphous 

(often the case for electrochemically grown oxides). In this case, subtle effects of 

relaxation might be masked by the behavior of the passive film. Thus, a systematic study 

of all corrosion regimes must all be considered before making statements about the role 

of structure. 
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1.1.2  Amorphous Single Phase Devitrification 

Amorphous glasses can crystallize, or devitrify, to a single phase. When this 

phase transformation results in a change of structure without changing the composition 

between the parent phase and the new phase it is termed a massive transformation. 

Massive transformations are defined as having the following key characteristics: no 

chemical partitioning between phases, and occurs via a first order diffusional nucleation 

and growth mechanism [23, 24]. Growth of the massive phase occurs via short range 

atomic jumps across the parent-massive phase interface.   

A schematic free energy diagram showing the driving force for compositionless 

transformation is shown in Figure 1.2. Devitrification from the glass along paths A, C 

and D can lead to transformations to a single phase. Often these phases are metastable 

with respect to the equilibrium phases. This is the case in devitrification path A, which 

produces a non-equilibrium phase of super saturated α. A lower free energy can be 

achieved by forming a mixture of crystalline phases α and β, e.g. metallic glass → super 

saturated α → equilibrium α+β. In the case of devitrification path D, metallic glass → β, 

the β phase is the thermodynamic equilibrium phase. Here, the phase transformation 

involves a structural change but no redistribution of alloying elements between the two 

phases and no chemical gradient. Thus, the opportunity exists to study a single phase β 

with the exact same composition as the parent glass phase (at composition D). 

The Cu75Hf20Dy05 will be shown to crystallize to a single phase and provides an 

opportunity to study the role of structure when there is no change in composition between 

the two phases. 
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Figure 1.2. Schematic free energy curves of devitrification of glass alloys showing 

devitrification paths of four different compositions of a metallic glass. Paths A, C and D 

are massive transformations. However, both A and C are metastable. Adapted from [25, 

26]. 
 

1.1.3  Order - Disorder Transformation 

Order-disorder transformations typically consist of a high temperature disordered 

crystalline phase transforming upon cooling to an ordered crystalline state. In the 

disordered state the atoms occupy lattice sites at random. When cooled, the atoms then 

rearrange into a periodic ordered structure. Order-disorder transformations have been 

studied since the 1930s due to their interesting effect on physical properties and in 

particular magnetic properties [27]. Early alloy systems include Cu-Au, and ternary 

systems: Cu-Mn-Al (a Heusler alloy) and Fe-Ni-Al. These transformations can be first, 
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second or higher order and can occur by a nucleation and growth mechanism or by 

spinodal decomposition and can be either homogeneous or heterogeneous [28]. 

Fe50Pd50 transforms from a disordered fcc phase to an ordered pT phase of the 

same composition. This phase transformation is 1
st
 order and occurs by a nucleation and 

growth mechanism [28]. This alloy provides an ideal opportunity to study the role of 

nano-structural change on corrosion properties. 
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1.2  Previous Electrochemical Studies on Structural Change without Change in 

Composition 

In general, as the size of a material defect and the chemical differences between 

the defect zone and the matrix (alloy solid solution) increases the detrimental effect on 

localized corrosion increases as illustrated in Figure 1.3. For example, an alloy with large 

two-phase regions could give rise to detrimental galvanic corrosion. On a smaller scale, 

grain boundary segregation and the localized solute lean or depleted regions at the grain 

boundaries can give rise to intergranular corrosion. 

 
Figure 1.3. Schematic representation of the defect size and the detrimental effect on 

corrosion resistance. 
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An unresolved issue is the effect of nanostructure on solid solution alloys. 

Dissolution of materials is widely studied but gaps in terms of structure and composition 

exist, see Figure 1.4. A crystallographic orientation dependence on pitting corrosion has 

been observed in Be, Zn, and Mg single crystals [21, 22]. Etch pits develop 

crystallographic facets when corrosion is charge transfer controlled [29]. An example of a 

structural defect leading to increased dissolution susceptibility occurs during  etching 

when the surface often shows closely spaced pits aligned perpendicular to grain 

boundaries corresponding to arrays of dislocations (stacks of edge dislocations in the 

simplest case) [30]. The energy at grain boundaries increases as the mismatch angle 

increases until a maximum energy is reached. Work by Metzger [31] on high purity Al 

presumably free of chemical segregation issues demonstrated that high angle-higher 

energy grain boundaries were susceptible to significant attack. Lower energy grain and 

sub-grain boundaries are significantly more resistant to intergranular corrosion under 

conditions where no impurity segregation (to the grain boundaries) occurs. A slower 

cooling rate allows for the segregation of impurities at the sub-grain boundaries making 

them susceptible to etching for additional reasons. These results suggest that impurities 

that concentrate at defects and boundaries play a large role on the corrosion properties. At 

shorter length scales (1-10 nm) the role of structure is unclear. 

The role of structural change in amorphous alloys is still unclear. The results of 

published studies highlighting compositional and structural change and the resulting 

effect on corrosion properties will be explored in this section and are summarized in 

Table 1.1. In general, past studies on the corrosion of amorphous alloy have focused on: 

relaxation as a precursor to crystallization [10, 32], the effect of partial devitrification in 
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systems with large and small compositional difference between primary crystallization 

and the amorphous matrix [33-36], fully devitrified multi-phase systems (e.g. [32]), and 

devitrification to a single phase [37-43]. Additionally, studies have analyzed the role of 

order-disorder phase changes on corrosion [44]. 

 
Figure 1.4. Schematic representation of knowledge regarding solid solution alloy 

dissolution. 

1.2.1  Relaxation of the Amorphous Structure 

Relaxation of an amorphous structure can have a large effect on its material 

properties including corrosion. The effect of relaxation was studied in an F-B-Si 

amorphous alloy [10]. It was found that heat treatments below the glass crystallization 

temperature reduced the corrosion current density.  Additionally, impedance 
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measurements showed an increase in the charge transfer resistance as the amorphous 

alloy became more relaxed. The x-ray diffraction pattern for the as spun alloy shows 

what appear to be small crystalline peaks indicating the system studied could be a 

multiphase system. If true, the reduction in corrosion current density could be due to 

factors beyond structural relaxation. Relaxation of an amorphous Al87Co7Ce6 alloy was 

shown to improve resistance during dissolution in NaOH solution compared to the as-

quenched state. The quenched state was characterized to show a higher coordination 

number and reduced free volume than the as-quenched state [32]. 

1.2.2  Partial Devitrification of the Amorphous Structure 

Due to the improved mechanical properties of partially devitrified amorphous 

alloys, numerous studies have looked at the roll of partial devitrification on the corrosion 

performance. These systems provide an interesting look at how the initial stages of 

crystallization changes the corrosion behavior of the amorphous alloy. The crystallization 

of these alloys involves changes in structure as well as chemical composition, but this is a 

material system where the structural difference between the amorphous and devitrified 

states is likely an important determinant for the resulting corrosion behavior. Aluminum 

based systems in particular have received significant attention from a mechanical 

perspective because the alloys partially devitrify by forming fcc Al nanocrystals depleted 

in the TM and RE elements which significantly enhance the mechanical properties [45, 

46]. In Al-Fe-Gd, Al-Co-Ce and Al-Ni-Gd amorphous alloys, precipitation of Al 

nanocrystals, up to approximately 40% of the matrix and with size up to 100 nm, 

increased pitting resistance compared to both fully amorphous and pure aluminum [33]. 

Complete devitrification to equilibrium phases, consisting of solute rich intermetallics 
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and solute lean Al-rich regions, lead to corrosion performance similar to that of pure 

aluminum. Similarly, in Al-Ni-La amorphous alloys, partial devitrification lead to limited 

change in [35] or improved [36] corrosion behavior, whereas full crystallization caused a 

drastic reduction in corrosion resistance. These studies indicate that partial crystallization 

can have a beneficial effect on corrosion resistance. Possible mechanisms [33] causing 

this behavior relate to some factor compensating or offsetting the normally detrimental 

role of solute lean nanocrystals, e.g. solute buildup at nanocrystals [47]. Alternatively, 

perhaps the critical size necessary for pitting is larger than the physical size of the 

precipitated phase [48].  

1.2.3  Single Phase Crystallization 

Amorphous alloys that crystallize to a single phase are an interesting class of 

materials because they will not have compositional differences between the phases. These 

studies have focused on trying to understand the corrosion performance of amorphous 

alloys through comparison to their crystalline counterparts. Amorphous Cu50Zr50 was 

studied in amorphous and single phase states in 1M HCl and 1M HNO3, and the mass 

loss of the fully amorphous alloy was lower than after crystallization [39]. In contrast, 

Cu60Zr40 no significant difference were found between behavior of amorphous compared 

to single phase crystalline phases during anodic polarization in 0.5M H2SO4 [42]. The 

dissolution rate of amorphous Co75B25 decreased when the glass was crystallized to Co3B 

in 0.5M Na2SO4 during active corrosion behavior [38]. In a multi-component Ni52Cr16 

based alloy, the amorphous alloy devitrifies to form a single phase solid solution and 

little effect of devitrification on the anodic polarization behavior in 0.5 M H2SO4 +5% 

NaCl solution was found [41]. Ni50Nb50 crystallized to a single phase alloy and showed 



14 

 

limited difference in passive behavior in 1M HCl, but the amorphous Ni50Nb50 showed 

30-40% fewer transients during a potential hold in 1M HCl than crystalline [49].  

All of these results, summarized in Table 1.1, give conflicting indications; the 

structural change improves, diminishes or has no effect on corrosion performance. 

Unfortunately, these studies were typically done only in a single aqueous solution [38, 

41, 42, 49] often primarily in acidic solutions [39]. Measurement techniques often 

interrogated average global properties and lacked the ability to assess local behavior. 

1.2.4  Order-Disorder Transformation in Crystalline Structure 

Crystalline order-disorder phase transformations often result in significantly 

different electrochemical behavior. Ordered single phase Cu3Au exhibits passivity at  

higher potentials and has a higher dealloying potential than disordered Cu3Au in 0.1M 

Na2SO4 +0.05M H2SO4 [44]. However, in off stoichiometric Cu82Au18 this effect was 

minimized. The single phase disordered matrix is outside of the ordered Cu3Au phase 

range indicated on the phase diagram and likely transformed to a multi-phase ordered 

matrix. With an ordered distribution of atoms, the formation of a continuous oxide 

network is more easily achieved. The idea of a critical beneficial solute element to form a 

passive layer is discussed in detail in the graph theory and percolation models of oxides 

[50, 51]. The ordered Cu3Au could lead to a stronger more protective oxide which is 

responsible for the increased pitting resistance. In contrast, the disordered Cu3Au might 

have surface regions where it is lean in protective Au on a local atomic scale. These 

regions could serve as the initial dealloying sites.  
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Table 1.1. Literature survey of prior corrosion studies focusing on phase change without a change in composition. 

Transformation Alloy Experiment Solution Regime Findings Ref. 

Relaxation Fe-B-Si Exposure test, Icorr 0.1 M H2SO4 Active 
Relaxation decreases Icorr (30 mA) 

and reduced mass loss during 

exposure tests 

[10] 

 

Relaxation Al87Co7Ce6 Polarization, EIS NaOH, NaCl Active/Passive 
Relaxation decreased mass loss, also 

characterized as reduced free volume 

and high CN 
[32] 

Amorphous - Single 

Phase 

Crystallization 

Co75B25 Polarization 0.5 M Na2SO4 Passive 
Dissolution rate decreases with 

formation of crystallized Co3B 
[38] 

Amorphous - Single 

Phase 

Crystallization 

Cu60Zr40 Polarization 0.5 M H2SO4 Passive 
No significant difference after 

crystallization to a single phase 
[42] 

Amorphous - Single 

Phase 

Crystallization 

Fe-Cr-P-C, 

Fe-Ni-Cr-P-B 

Polarization vs. 

incremental annealing 

time 

1 M HCl Active/Pitting Solid solution worse than amorphous [40] 

Amorphous - Single 

Phase 

Crystallization 

Cu50Ti50, 

Cu50Zr50 
Polarization, Mass Loss 

1 M HCl, 

1 M HNO3 
Active/Oxidizing 

Amorphous better than Crystalline. 

Cu50Ti50 double phase, Cu50Zr50 single 
[39] 

Amorphous - Single 

Phase 

Crystallization 

Ni-based Polarization 
0.5M H2SO4 

+5% NaCl 
Active 

Behavior showed little difference 

between solid solution and amorphous 

phase 

[41] 

Amorphous - Single 

Phase 

Crystallization 

Ni-B-Sn Polarization 1M NaCl Passive/Pitting Little difference between phases [37] 

Amorphous Single 

Phase 

Crystallization 

Ni50Nb50 
Polarization/ Potential 

Hold 
1M HCL Passive 

Polarization shows little difference. 

During potentiostatic polarization 

amorphous shows fewer current 

transients than crystallized 

[49] 

Amorphous - Multi-

Phase 

Crystallization 

Al-Ni-La Polarization 

0.001-0.1 M 

NaCl + 0.05 M 

Na2SO4 

Passive/Pitting 
Crystallization with limited 

composition change resulted in 

limited change in corrosion resistance 

[35] 

Order-Disorder Cu3Au Polarization 
1N Na2SO4 + 

0.01N H2SO4 
Dealloying 

Ordered Cu3Au exhibited more 

passivity and higher pitting potential 
[44] 
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1.2.5  Critical Unresolved Issues 

Understanding the role of nano-structure on the corrosion properties at the nm-

range length scales is an important fundamental question especially as engineering 

materials become more advanced. The lack of structural defects is a contributing 

mechanism that is often thought, without proof, to be one of the main underlying benefits 

of corrosion resistant amorphous alloys. 

Previous studies focusing on the role of structure on corrosion properties have 

been limited in terms of scope (utilizing a single or only acidic solution, poorly 

characterized phase transformation, or lack of a well-defined structural change). 

Moreover, these studies typically utilized a single method and lacked modern 

electrochemical techniques. Overall no consistent effect of structure on corrosion 

performance has been established. 

1.3  Objectives of Research 

The primary objective of this research is to utilize well understood and 

characterized phase transformations in model alloy solid solution materials free of large 

heterogeneities to study the role of structure on the corrosion behavior in situations where 

the compositional changes between phases are nonexistent. Two model alloy systems 

were chosen for this research and synthesized using high purity materials. Amorphous 

Cu75Hf20Dy05 devitrifies to form a single phase. Crystalline Fe50Pd50 undergoes an order-

disorder phase transformation forming both structural states of the same composition. 

A comprehensive set of electrochemical techniques, surface analysis and 

microscopy will be employed to establish the corrosion behavior of each structural state 



17 

 

 

in the active, passive and localized corrosion regimes. These studies will utilize 

differences in electrochemical behavior of the constituent alloying elements to emphasize 

particular roles within the corrosion regimes (e.g. active dissolution of 1 alloying element 

while passive layer formation of the other alloying element). A modern suite of 

techniques capable of analyzing surface structure, surface chemistry, electrochemical 

properties on a small length scale, and global electrochemical properties will be used. 

1.4  Thesis Organization 

For each alloy system, a broad survey of the electrochemical behavior is 

presented. The purpose of the survey is two-fold. It provides a comprehensive analysis of 

the behavior of the different structural states in a wide breadth of conditions. Secondly, 

this survey identifies electrochemical regimes where the difference in behavior between 

the structural states is significant and directs a more narrow survey of corrosion 

properties within a corrosion regime. Within the conditions where differences are 

significant, a highly focused set of experiments including high resolution microscopy 

were made to determine a mechanistic understanding of the role of structure on specific 

corrosion properties. An illustration of this process is shown in Figure 1.5. This thesis is 

organized by alloy system: Chapter 2-3 presents the Cu75Hf20Dy05 alloy and Chapters 4-6 

focuses on the Fe-Pd alloy system. The primary purpose of Chapters 4 and 5, which are a 

survey of the electrochemical properties of the Fe-Pd alloy system, is to establish the 

conditions investigated in Chapter 6. Each chapter is prefaced by an introduction 

including previous work relevant to that series of investigations. 
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Figure 1.5. Illustration of the thesis organization. A wide range of experiments establish 

the electrochemical properties of each alloy system. These experiments direct a more 

narrowly focused set of experiments to elucidate the role of structure on corrosion 

properties. A narrowly focused in depth study of specific corrosion regime provides a 

mechanistic understanding of the role of structure on the corrosion behavior. 
 

Chapter 2 presents the introduction to the Cu75Hf20Dy05 alloy system and its 

transformation to a crystalline single phase alloy. Results of a wide range of 

environmental and experimental conditions are presented. The role of amorphous vs. 

crystalline structure is elucidated under conditions of passivity and local breakdown of 

the passive film due to SO4
2-

. 

Chapter 3 focuses on the behavior of the amorphous vs. crystalline Cu75Hf20Dy05 

alloy under conditions of preferential dissolution of Hf from the matrix leading to a 

nanoporous dealloyed structure. The structural state was found to greatly affect the rate of 

dealloying and the resulting morphology. 
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Chapter 4 introduces the Fe-Pd alloy system and presents the effect of Pd alloying 

through a comparison of the three compositions: martensitic Fe70Pd30, and fcc 

Fe65Pd35/Fe50Pd50 which are both disordered phases. 

Chapter 5 presents the behavior the ordered (pT) and disordered (fcc) Fe50Pd50. 

These provide a wide-ranging survey of behavior of the two structural states of Fe50Pd50 

and highlight the dissolution induced grain dependent morphological characteristics of 

the disordered, fcc phase. 

Chapter 6 elucidates the grain orientation dependent dissolution behavior of the 

disordered (fcc) Fe50Pd50 phase. The amount of dissolution is correlated to the disordered 

(fcc) Fe50Pd50 grain orientation and the surface roughness. The dissolution behavior is 

compared in detail to the ordered (pT) Fe50Pd50 phase. The underlying characteristics of 

these dissolution processes are discussed. 

Chapter 7 presents the conclusions of this work. Situations where the local atomic 

structure is an important consideration for the overall corrosion behavior are summarized. 

Remaining questions and suggested future work are also detailed. 
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2    Survey of Electrochemical Behavior of Cu75Hf20Dy05 in the Active 

and Passive State 

2.1  Abstract 

The Cu75Hf20Dy05 alloy is an ideal solid solution alloy for the study of effects of 

nano-structure on corrosion properties. The alloy can be produced in the fully amorphous 

state and annealing leads to single phase crystallization to the Cu51Hf14 structural state. 

Importantly, the alloy is a mixture of elements with substantially different 

electrochemical behavior involving a readily passivated refractory element (Hf) and a 

transition metal (Cu) that can be active or passive depending on conditions. This chapter 

introduces the alloy and the expected electrochemical properties of the alloy system. A 

survey of electrochemical behavior in the active, passive and localized corrosion states is 

presented. In these environments, Hf is typically shown to be a corrosion resistant 

alloying element that readily forms passive layers, while Cu and Dy are typically active.  

The alloying of Hf into Cu75Hf20Dy05 reduces the dissolution rate and highlights 

the role of Hf as a dissolution moderator in acidic SO4
2-

 environments. The amorphous 

structure is more susceptible to passive film breakdown than the crystalline state in 

neutral SO4
2- 

containing solution conditions. The amorphous structure exhibited increased 

dissolution of Cu at lower applied potentials compared to the crystalline structure. Both 

passivity and dissolution behavior strongly indicate that the role of nanostructure, in 

particular short range compositional variations is significant. In the case of the 

amorphous structure, the lack of a periodic structure reduces the efficacy of the oxide. Hf 

lean regions are theorized to result from short and medium range order in the metallic 

glass and promote Cu dissolution under conditions where no oxide is formed.  
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2.2  Introduction 

2.2.1  Cu75Hf20Dy050 Alloy Synthesis and Transformation Characteristics 

Metastable amorphous metals are formed when a critical cooling rate is achieved 

and prevent crystallization during cooling of molten metallic alloys. Often the material 

characteristic cooling rate is extremely high requiring special processes to rapidly cool 

the material. One common method to achieve extremely high cooling rates is the melt 

spinning technique. The cooling rates are achieved by ejecting a molten metal onto a 

rapidly spinning wheel (typically Cu) to form metallic ribbon. Cooling rates achieved by 

this technique are 10
4-7

 K/s (see [1] for a summary of amorphous alloy formation 

techniques and schematics).  

The amorphous Cu75Hf20Dy05 alloy can be produced by the melt spinning 

technique. Differential scanning calorimetry of the amorphous ribbon at 40°C/min 

showed a glass transition, Tg, at 518°C and a single crystallization peak at about 555 °C 

[2]. Notably, amorphous Cu75Hf20Dy05 melt spun ribbon devitrifies to a single phase, 

Cu51Hf14 and maintains the Cu to Hf ratio of approximately 4:1. The phase diagram for 

the Cu-Hf system is shown in Figure 2.1. Cu51Hf14 is a line compound at a Cu:Hf ratio of 

78:22 atomic percent. The ratio of line compound suggests that Dy is accommodated in 

this crystal structure by occupying Hf lattice sites. Atomic distributions in the perfect 

Cu51Hf14 lattice are shown in Figure 2.2. The Hf-Hf atomic distribution plots show that 

there are 1 to 3 Hf atoms within 0.4 nm of each Hf atom and an additional 10 - 13 Hf 

atoms are between 0.4 and 0.6 nm from each Hf atom. The distribution of Cu and Hf 

atoms about a Cu atom show 20 Cu atoms and 3 Hf atoms within 0.4 nm of the Cu atom. 
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The ratio of Cu to Hf atoms within 0.4 nm of the Cu ‘origin’ atom varies between 2.8 and 

6.7.  

This phase transformation provides an ideal opportunity to study the effect of 

nano-structural change on corrosion properties in the absence of an accompanying 

chemical partitioning and precipitate formation.  Another advantage to this alloy system 

is that Cu is a well understood electrochemical system due to its prevalence in 

engineering applications such as potable water systems [3-5]. 
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Figure 2.1. Cu-Hf binary phase diagram [6]. Amorphous Cu75Hf20Dy05 crystallizes to the 

line compound Cu51Hf14 at 22 at% Hf on the phase diagram. 

 
Figure 2.2. Schematic model of the Cu51Hf14 crystal structure with Dy dissolved into Hf 

lattice sites. The unit cell is hexagonal P6/m (space group 175) with lattice parameters a= 

1.118 nm, c=0.824 nm. The density is 11.05 g/cm
3
. Model created using Diamond 

Crystallography Software [7]. 
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Figure 2.3. Schematic representations of atomic radial distributions of lattice positions 

within the Cu51Hf14 perfect crystal lattice. The first three plots (top, lower left) show the 

distribution of Hf atoms around the 3 Hf atom lattice sites. The lower right plot shows the 

radial distribution of Cu and Hf atoms around a central Cu atom. Interatomic distances 

determined using Diamond Crystallography Software [7]. Radial lattice distances within 

±0.15 Å were considered as an equal distance the origin Cu atom. 
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2.2.2  Amorphous Structure 

The bond length, coordination number, nearest neighbor arrangements and free 

volume all may affect the corrosion tendencies of a solid solution alloy. It is important to 

compare these arrangements to the crystalline alloy described in 2.2.1. Therefore, it is of 

interest in amorphous solids to consider the arrangement of Cu and Hf atoms. Dense 

random packing of hard spheres was initially used to describe liquids [8, 9] and has been 

applied to model atoms within an amorphous metallic solid [10]. The dense random 

packing model can be used to calculate the coordination spheres of constituent atoms 

within an amorphous solid [11]. Egami presents a simple geometric calculation based on 

the solid angle (Equation 2.1) occupied by B atoms of radius RB surrounding a central A 

atom of radius RA. The solid angle can be used to calculate, Equation 2.2, the 

coordination number (CN) or number of B atoms surrounding a central A atom. The two-

dimensional packing fraction on the surface of an atom, η2D, is typically assumed to be 

0.842 unless RA >> RB. The CN of central Hf and Cu atoms calculated using this formula 

is shown in Table 2.1. 

       [  
√  (      )

     
]    2.1 

   
  

    
         2.2 
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Table 2.1. Coordination number of Hf and Cu central atoms in the amorphous Cu75Hf20Dy05 

structure based on calculations of the dense random packing model. The assumed atomic radii are 

0.128 nm for Cu and 0.159 nm for Hf. Calculations based on Equation 2.2[11]. Divergence from 

12 close packed nearest neighbors is due to the η2D approximation. 
 

Atom Type Surrounding 

a Central Atom 

Coordination Number 

of a Central Hf atom 

Coordination Number 

of a Central Cu atom 

All Cu atoms 16.04 12.56 

All Hf atoms 12.56 10.05 

Cu and Hf atoms 15.14
†
 11.88

†
 

† Using 0.135 nm as the radius of surrounding atoms. This value is the average radius of Cu and Hf atoms 

based on the atomic ratios in Cu75Hf20Dy05. 
 

Experimental determinations of the coordination sphere and the pair distribution 

functions (PDF) about a central atom are typically performed using high energy 

synchrotron X-rays. The experimentally determined coordination numbers often show 

values different than DRP model predictions, e.g. in Al-based alloys [12-14]. Other 

determinations of the packing structure of amorphous structures uses soft-sphere 

constructions and potential energy driven packing, e .g. the Leonard-Jones potential [15]. 

Models of amorphous alloys with binary compositions of dissimilar atomic radii 

have suggested short range ordering about the smaller elements [16]. Short range order 

(SRO) is defined as a non-random prevalence of specific coordination clusters 

surrounding atoms without causing any long range order. In Al90FexCe10-x (x=5,7) the 

experimentally determined PDF indicates that short range ordering exists around both the 

Fe and Ce atoms [17]. Ab initio molecular dynamics simulations have been used to 

calculate the coordination number of a series of binary amorphous glasses [18]. It was 

found that, for three metal-metalloid glasses and a transition metal – transition metal 

glass, more than 75% of the solute atoms had 2 specific coordination numbers, see Table 

2.2. These calculations show that specific coordination polyhedra are dominant for each 

alloy, and the type depends on solute element (Ni-B vs. Ni-P) and glass composition. 
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Metallic glasses of different types likely have very different short range structures and it 

is important to consider glass studies on alloys with compositions similar to 

Cu75Hf20Dy05.
 

Table 2.2. Dominant coordination number of solute atoms in Ni81B19, Ni80P20, Zr84Pt16, 

Ni63Nb37 metallic glasses based on ab initio calculations, from [18]. 

Metallic Glass 
Dominant Coordination 

Numbers 

Ni81B19 9, 10 

Ni80P20 10, 11 

Zr84Pt16 11, 12 

Ni63Nb37 14, 15 
 

 

 

The binary Cu-Zr system has been studied in great detail due to the wide range of 

glass forming compositions (30% to 70 at% Zr) and as the prototype alloy for the TM-

TM metallic glasses, see summary in [15]. This section will be presented in detail due to 

its likely applicability to the Cu75Hf20Dy05 alloy which is predominantly a TM-TM 

amorphous alloy. Additionally, Zr and Hf share a wide range of general materials 

properties.  

The density of the metallic glass Cu-Zr alloys is less than the interpolated density 

of crystalline Zr and Hf at all compositions [19]. This implies an increase in free volume 

relative to the crystalline state. The bonding type of the Cu-Zr amorphous alloys is likely 

metallic as the measured interatomic distances is nearly the sum of the atomic radii [20]. 

This suggests some reasonable applicability of the dense random packing of hard sphere 

models, see Table 2.1. 

The SRO of this alloy system has been studied experimentally [20-22] and 

modeled using ab-initio molecular dynamic simulations [22-24]. The partial coordination 
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number (Cu-Cu, Cu-Zr, Zr-Zr, and Zr-Cu) was experimentally determined using x-ray 

neutron scattering and found to depend on the composition [20, 22]. Figure 2.4 shows 

that the partial coordination number as a function of composition [22]. At each 

composition studied, the central atom is surrounded by both Cu and Zr atoms. This is a 

key point and shows some SRO effect due to preferential bonding as the number of Zr 

atoms surrounding a central Cu atom is higher than statistical predictions based on a 

random packing model.
1
 Thus, the dissimilar Cu-Zr bonds are more favored than the 

similar Cu-Cu bond types. 
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Figure 2.4. Partial coordination number (CN) as a function of composition in Cu1-xZrx 

amorphous metallic glasses determined experimentally by both x-ray and neutron 

diffraction. CNA-B designates the coordination around central atom A by surrounding 

atom type B. The number of Cu-Zr bonds is greater than random packing would suggest 

indicating preferential dissimilar bonding of Cu and Zr. Recreated from [22]. 
 

                                                 
1
 The hard packing coordination numbers of Cu-Cu/Zr and Zr-Cu/Zr are similar to those calculated for Cu-

Hf alloys, Table 2.1. The radius of Zr is 0.160 nm is nearly the same as Hf, 0.159 nm. A first order 

approximation of a random packing model for Cu50Zr50 alloy would entail 50% of the nearest neighbors of 

Cu (12 for similar atoms) be Zr, but each Zr atoms, owing to its larger radius, reduces the CN. 
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Molecular dynamic simulations of the Cu-Zr system show that the structure of the 

amorphous metallic glasses is dominated by a few specific structures, summarized in 

[15]. These structures are typically defined by Voronoi polyhedral cells about a central 

atom, for examples of this formulation see [9, 25]. The Voronoi cell notation describes a 

polyhedral cell by the number, ni, of i-edged faces of the polyhedron that surrounds a 

central atom. These numbers are represented by the index <n3, n4, n5, n6>, meaning 

number of 3 edge faces, 4 edge faces, etc. The sum of the Voronoi indexes is the CN. For 

example, a perfect tetrahedron has the index <4, 0, 0, 0>, and has 4 faces each with 3 

edges and a CN of 4.  

Results of simulations by Cheng calculate (Figure 2.5) the fraction of polyhedral 

cells around both Cu and Zr atom as a function of the Cu-Zr metallic glass composition 

[23, 24, 26]. The atomic arrangements about Cu and Zr are dominated by a few specific 

structures. In the case of the 70 at% Cu composition, 30% of the Cu centered cells are of 

the <0, 0, 12, 0> (CN 12)
2
 type. 65% of the cells are only 4 different polyhedral types 

with CN of 12, 12, 11 and 13 in decreasing frequency. In contrast, the Zr centered cells 

have no cell-type fraction more dominant than 10% and therefore does not show any 

dominant cluster type. Moreover, it has been shown that the dominant <0, 0, 12, 0> Cu 

centered cluster type is not completely random in Cu65Zr35 and Cu50Zr50 metallic glass. 

These clusters are indicated by the green atoms in Figure 2.6, and they form string-like 

chains and networks leading to medium range order [26]. Preferential bonding of Zr to 

                                                 
2
 It’s important to reiterate that the 12 NN Cu copper polyhedral contains both Cu and Zr atoms 

surrounding it (see diagrams in Figure 2.5 and also experimental results shown in Figure 2.4. 
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Cu (as seen in Figure 2.4), would result in the Cu centered <0, 0, 12, 0> cluster atoms 

having an above average concentration of Zr atoms. 

In summary, the high Cu content Cu-Zr metallic glass studies form the string-like 

interconnected <0, 0, 12, 0> clusters (green atoms in Figure 2.6) are Cu centered and 

have a higher than statistically random number of Zr atoms. Therefore, it is likely that the 

interconnected regions within the amorphous structure are Zr rich. Short and medium 

range order is likely present in the amorphous Cu75Hf20Dy05 structure based on its 

similarities to the high Cu content Cu-Zr amorphous glasses. The amorphous glass 

structure has important ramifications for the corrosion behavior Cu75Hf20Dy05. 
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Figure 2.5. Fraction of Voronoi cells around Cu (top) and Zr (bottom) as a function of 

composition molecular dynamic simulations of the amorphous structure. The Voronoi 

cells for selected Cu clusters are shown with orange atoms representing Cu and gray Zr. 

The CN for the most common cells is shown. Adapted from [15], with permission from 

Permagon. 
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Figure 2.6. Distribution of atoms belonging to <0, 0, 12, 0> Cu centered clusters in 

Cu65Zr35 based on ab-initio molecular dynamics simulations. The green represent atoms 

belonging to the Cu-centered <0, 0, 12, 0> clusters and red balls represent atoms in the 

remaining part of the system, respectively. Adapted, with permission, from Li, M., C. 

Wang, S. Hao, M. Kramer, and K. Ho, Physical Review B, 2009. 80(18). Copyright 2009 

by the American Physical Society [26]. 

2.3  Electrochemical Characteristics of the Cu, Hf and Dy System 

The thermodynamic predictions for stability, passivity and dissolution are shown 

in the equilibrium potential – pH diagrams, in Figure 2.7. The E-pH diagrams of Cu, Hf 

and Dy in H2O at room temperature are presented superimposed to give some indication 

of the alloy behavior in terms of which alloying element is likely to be active, passive or 

noble in specific solution environments. In acidic environments, thermodynamics 

indicates that all 3 elements undergo active dissolution and there is no oxide formation. 

The Cu oxidation potential to the Cu
2+

 cation (assuming 10
-6

 M species concentration) is 

-0.1 VSCE while both Hf and Dy are 2 V and 2.5 V lower. At intermediate pH, Cu is 

active and it is indicated that Hf likely forms a passive layer. Dy is generally active 

except at high pH where hydroxide formation is possible. Thermodynamically, there are 

3 distinct regions: low pH where all elements are active, intermediate pH where Hf is 

passive while Cu is active and high pH where Cu and Hf are both passive. The oxide 
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stability diagram for Cu and Hf, shown in Figure 2.8, indicates that the most favorable 

pH for Cu oxide formation is around pH 10. 

2.3.1  Cu 

The Cu passive film formation in aqueous environments has been studied in detail 

and consists of an inner layer of Cu2O and an outer layer of CuO [27, 28]. Anions, Cl
-
 

and SO4
2-

, in solution do not affect the type or property of the oxide layer [29]. These 

anions are important because Cl
-
 [4, 30-32] and SO4

2-
 [4, 33-35] both induce localized 

breakdown of the passive film. The absorption of the Cl
-
 anions into the oxide changed 

the character of the oxide leading to pit nucleation with higher Cl
-
 being more favorable 

for dissolution[36]. The thermodynamic stability considering 1 M and 0.1 M Cl
-
 anion 

concentrations in solution is shown in Figure 2.9. The formation of the CuCl2
-
 complex 

reduces the thermodynamically stable passive region of the Cu2O and Cl
-
 absorption into 

the oxide is predicted at high applied potential at intermediate pH. The dissolution 

kinetics in Cl
-
 indicates the CuCl2

-
 complex movement is a mass transport rate limiting 

process [37]. The SO4
2-

 anion increases the uniform dissolution rate of Cu [34, 38]. 
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Figure 2.7. Combined Cu, Hf and Dy potential-pH equilibrium diagram for the Cu/Hf/Dy 

-H2O system at 25°C with ion concentrations assumed to be 10
-6

 M [39]. 
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Figure 2.8. Cu and Hf Oxide Stability Diagram at 25°C with ion concentrations assumed 

to be 10
-6

 M [39]. The assumed reaction is the chemical reaction of HfO
2+

 to form HfO2. 

For Cu, at pH <9 the Cu
2+

reacts to form CuO. At higher pH, the HfCuO2
-
 anion reacts to 

form the oxide. 
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Figure 2.9. Calculated Cu-Cl

-
-H2O E-pH diagrams at Cl

-
 concentrations of 1 M (left) and 

0.1 M right. The ion concentrations are assumed to be 10
-6

 M. Calculated and plotted 

using Medusa [13]. 
 

2.3.2  Hf and Dy 

Hf shows similar corrosion behavior to Zr and is very corrosion resistant in 

mineral acids: Hf undergoes limited corrosion in H2SO4 solution, HNO3, HCl and in 

strong basic environments, such as potassium hydroxide [40]. Hf corrodes in HF solution, 

by oxidation of Hf to HfF4 by molecular HF (also producing H2) [41]. Similar behavior 

was seen for Zr which oxidizes to ZrF4 in HF solution [42]. Likely due to its active nature 

and limited use as an alloying element in engineering applications, the corrosion behavior 

of Dy has not been previously investigated in any detail.  

This chapter will focus on environments where Hf shows very corrosion resistant 

behavior and either forms a stable passive film or exhibits kinetic passivity. Cu, Dy, or 

both elements will serve as detrimental solutes and lower the corrosion resistance. 

Experiments investigating the localized breakdown of passive films will utilize SO4
2-

 as 

the detrimental cation due to its aggressiveness relative to Cl
-
 and to avoid precipitate 

insoluble complex phases present in Cl
-
 environments (CuCl is formed as part of the 
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oxidation process, see [43]). Additionally, dissolution in acidic SO4
2-

 is likely not 

influenced by complexation [44]. Chapter 3 will focus on the preferential dissolution of 

Hf from the Cu75Hf20Dy05 matrix under conditions where both Cu and Dy show noble 

behavior. 

2.3.3  Previous Corrosion Studies on Cu-based Amorphous Materials 

The effect of structural change in amorphous alloys to a single phase has been 

examined in the case of two Cu based amorphous alloys: Cu50Ti50 [45] and Cu60Zr40 [46].  

Devitrification of the amorphous alloys to a structure with the same composition was 

found to lower corrosion resistance of Cu50Ti50 in 1 M HCl and 1 M HNO3, and was 

shown to have limited effect on Cu60Zr40 in 0.5 M H2SO4. For Cu60Zr40, determination of 

corrosion current was made using only the Tafel extrapolation method and a superficial 

comparison of polarization behavior. However, both studies were performed with the 

alloy in an active state and did not address pitting or passivity. 

2.4  Critical Unresolved Issues 

The goal of this chapter is to explore the effect of the structural change from 

amorphous to crystalline Cu75Hf20Dy05 on active, passive and localized corrosion. Is there 

a difference in corrosion behavior during passive and local dissolution in SO4
2-

 solution? 

What is the underlying structural mechanism that changes the dissolution susceptibility 

and pitting resistance in SO4
2-

 solution?  

2.5  Experimental 

Amorphous Cu75Hf20Dy05 was produced by the melt spinning technique. High 

purity elements (Cu 99.999%, Hf 99.9% excluding Zr (nominally 2%), and Dy 99.9%) 
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were made into an ingot by arc melting under an argon atmosphere. The ingot was then 

inductively melted under argon and rapidly cooled on a Cu wheel of radius 10 mm with a 

rotation speed of 40 m/s. Prior to heat treatments, samples were first encapsulated in 

quartz tubes under argon. To fully crystallize the amorphous ribbon, encapsulated 

samples were annealed at 600°C for 30 minutes and then water quenched. The as-spun 

and annealed samples were characterized by XRD and TEM. X-ray diffraction (XRD) 

was performed using a Scintag XDS-2000 diffractometer with a Cu-Kα source (λ = 

1.541Å). XRD spectra measurements were conducted in the θ/2θ configuration. 

Transmission electron microscopy, TEM, analysis was performed using a FEI Titan 80-

300 STEM operated at 300 kV. TEM specimens were prepared by cryogenic ion milling 

at 5 kV for 40 minutes. X-ray photoelectron spectroscopy (XPS) composition depth 

profiling was performed using a PHI Quantera SXM at the Institute for Critical 

Technology and Applied Science at Virginia Polytechnic Institute. Atom probe 

tomography measurements were performed on a field emission microscope, LEAP 4000, 

at 30K and a laser mode pulse at 200kHz with energy of 20 pJ. The total reconstruction 

volume was approximately 80x80x50 nm
3
. The detector efficiency was about 37%. 

Experiment and analysis were performed by Dr. Daniel K. Schreiber, part of the 

Environmental Molecular Sciences Laboratory User Facility at the Pacific Northwest 

National Lab.  

High purity element samples, used in comparative electrochemistry experiments, 

were polycrystalline Hf wire (99.7%, excluding Zr which is nominally 2%) and high 

purity polycrystalline Cu wire (>99.99%) with surface areas roughly equivalent to the 

Cu75Hf20Dy05 ribbons. Electrochemistry experiments utilized a 3-electrode setup with an 
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exposed electrically isolated working electrode, reference electrode and platinum mesh 

counter electrode. The reference electrode used was a Saturated Calomel Electrode, 

hereafter referred to as SCE. In Cl
-
 free environments, a saturated Hg/Hg2SO4 (MSE) 

electrode was used, but potentials are converted to the SCE scale. Experimental 

measurements conducted include cyclic polarization, potentiostatic polarization, and 

cyclic voltammetry (CV). Scan rates were typically 1 mV/s in cyclic polarization 

experiments. In CV experiments a faster scan rate of 5 mV/s or 20 mV/s was used. The 

solution was deaerated through vigorous sparging using N2 for at least 1 hour prior to 

electrochemical experiments. Chemical solutions were produced using reagent grade 

chemicals and pure water (resistivity 18.2 MΩ/cm) produced by an Academic MilliQ 

filtration system (MilliPore).  

2.6  Results 

2.6.1  Characterization of Cu75Hf20Dy05 

The thermal processing conditions of amorphous and crystalline Cu75Hf20Dy05 are 

summarized in Table 2.3. The amorphous structure of the as-quenched melt spun ribbon 

was verified using XRD, Figure 2.10. The amorphous structure was confirmed using high 

resolution TEM imaging, Figure 2.11. The diffraction pattern (FFT of the micrograph) 

confirms the amorphous structure. Compositional analysis using high-angle annular dark-

field imaging (Figure 2.12) indicates compositional fluctuations on the order of 6-8 nm 

that are rich in higher-Z Hf/Dy. The alloy was fully crystallized to Cu51Hf14 structure by 

annealing at 600°C for 30 minutes followed by a water quench. XRD of the crystalline 

phase, Figure 2.10, shows a single phase of the Cu51Hf14 type with a 0.6 ° shift likely due 
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to dissolved Dy into the Hf lattice sites resulting in a slight lattice expansion and shift to 

higher 2θ. 

The XRD spectra for the annealed specimen indicates single phase crystallization 

to a polycrystalline Cu51Hf14 phase, with a 0.6 degree phase shift likely due to Dy solid 

solution substitution on the Hf lattice sites. According to the phase diagram, Cu51Hf14 is a 

line compound [6]. Amorphous Cu75Hf20Dy05 devitrifies to a single phase, Cu51Hf14, 

while maintaining a Cu to Hf ratio of approximately 4:1. 

Atom probe tomography was used to determine the short range compositional 

variation present in the amorphous Cu75Hf20Dy05 structural state, Figure 2.13. The pair 

distribution functions indicate a completely random distribution of Cu and Hf atoms. A 

slight clustering of Dy atoms is seen. The atom probe reconstruction also exhibits some 

low-density pockets. The measured composition is Cu74Hf20Dy05Zr0.5 (at%). This 

measured composition is very close to the target composition (with the 0.5 at% Zr due to 

contamination of ‘pure’ Hf
3
). 

  

                                                 
3
 It is difficult to completely isolate Hf from Zr. Zr is nominally 2% of the Hf alloying addition. 2% Zr of 

the 20 at% Hf alloying addition is 0.4% of the total alloying concentration 
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Table 2.3. Annealing temperature, resulting phase and grain size of Fe50Pd50 alloy. Annealing at 

600 °C devitrifies the amorphous alloy to a single phase Cu51Hf14. 

Sample Heat Treatment Phase 

Cu75Hf20Dy05 Melt-spun amorphous 

Cu75Hf20Dy05 600 °C 30 min, water quenched Cu51Hf14-type 
 

 

 
Figure 2.10. X-ray diffraction spectra of Cu75Hf20Dy05 melt spun ribbon as received 

(amorphous) and after annealing at 600°C for 30 minutes. The crystalline phase is 

identified as Cu51Hf14 [47] with a 0.6° phase shift
4
. The small peak at 30.5° is likely due 

to surface layer HfO2 formation. 

 

  

                                                 
4
 The increase due to substitution of Dy atoms amounts to a 40% increase in the volume of the unit cell due 

to the increase in the Dy atomic radius. If 20% of the Hf atoms are replaced by Dy, then the volume of the 

unit cell would expand by roughly 0.3%. This equates to a 1% increase in the lattice parameters (assuming 

equal expansion in the c and a lattice direction). This expansion shifts all of the hexagonal diffraction peaks 

to lower 2θ by 0.4 degrees. 
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Figure 2.11. High resolution TEM bright field micrograph of amorphous Cu75Hf20Dy05 

showing a fully amorphous structure. The inlaid diffraction pattern shows no 

crystallization (FFT). 
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Figure 2.12. High-angle annular dark-field imaging (HAADF, left) The cloudy regions, 

about 20 nm, in the HAADF micrograph indicate Z contrast. The bright areas indicate 

regions of low Z and Cu enrichment. The line profile (on right) shows the relative 

intensity measured by the contrast (I0 = white), after correction for sample thickness 

(subtraction of the linear background). The bright areas are 6.5-9 nm in diameter. 
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Figure 2.13. Atom probe tomography composition map (1 nm slice) of amorphous 

Cu75Hf20Dy05 (top) and the corresponding pair distribution functions (bottom). Orange 

atoms are Hf and green atoms are Dy. Cu (blue) atoms are omitted for clarity. A uniform 

distribution of both Cu and Hf are seen. Some slight clustering of the Dy atoms is 

suggested. Work performed by Dan Schreiber and PNNL as part of their user facility 

(EMSL). 
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2.6.2  Electrochemical Behavior in the Passive State 

Passive behavior was explored in pH 8.4 solution containing borate buffer using 

cyclic voltammetry to give some indication of oxide growth as a function of cycle. Figure 

2.14 depicts the first cycle for both amorphous and crystalline Cu75Hf20Dy05 compared to 

high purity Cu. Hf (not shown here) in this condition exhibits a high current during the 

first cycle indicative of passive film growth. Subsequent cycles, during film growth, have 

very low current density. No Hf oxide reduction is expected at these potentials (Figure 

2.7). The scans of the Cu containing alloys scans indicate two oxidization peaks. During 

the reverse scan, there are double reduction peaks confirming reduction of the Cu
1+

 and 

Cu
2+

 oxides, which suggest the presence of a bi-layer oxide. Overall both structural 

states, amorphous and crystalline, exhibit passive behavior, but the overall current density 

is lower in the case of the amorphous state. The behavior during the first three cycles is 

shown for Cu compared to amorphous and crystalline Cu75Hf20Dy05 in Figure 2.15 and 

the addition cycle behavior for each Cu75Hf20Dy05 state, independently, in Figure 2.16. 

The oxidation and reduction peaks remain more pronounced during subsequent cycles in 

the case of Cu than for either alloy. This behavior suggests either oxide formation or 

oxide reduction is inhibited by Hf alloying and possible competing Hf oxide formation. 

In this case of the amorphous Cu75Hf20Dy05, the current density of the oxidation peaks 

during the initial cycle is low, with minimal reduction peaks suggesting very thin oxides. 

Both oxidation and reduction peak magnitudes increase during each additional cycle. 

Overall the current magnitude in the amorphous structural state is lower than the 

crystalline case. The overall lower current density magnitudes and different cyclic 

behavior suggest that some aspects of the oxide are fundamentally different between the 
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amorphous and structural state of the Cu75Hf20Dy05 alloy. The possible fundamental 

difference in the oxide as a result of the underlying structural state of the alloy will be 

explored under conditions of oxide breakdown. 
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Figure 2.14. Initial cycle during cyclic 

voltammetry for Cu and amorphous and 

crystalline Cu75Hf20Dy05 in deaerated pH 

8.4 at a scan rate of 1 mV/s. The Nernst 

potentials for Cu/Cu2O and Cu2O/CuO are 

shown for reference. 

Figure 2.15. Cyclic voltammetry for 

polycrystalline Cu in deaerated pH 8.4 at a 

scan rate of 1 mV/s. The Nernst potentials 

for Cu/Cu2O and Cu2O/CuO are shown for 

reference. 
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Figure 2.16. Cyclic voltammetry amorphous (left) and crystalline (right) Cu75Hf20Dy05 in 

deaerated pH 8.4 at a scan rate of 1 mV/s. The Nernst potentials for Cu/Cu2O and 

Cu2O/CuO are shown for reference. The amorphous structural state shows a diminished 

second oxidation peak and minimal reduction peaks during the initial cycle. These peaks 

increase slightly with each cycle, but the overall current density is substantially lower for 

the amorphous compared to the crystalline structural state of Cu75Hf20Dy05. 
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2.6.3  Metastable Pitting Susceptibility during Localized Breakdown of the Passive 

State 

The presence of a Cu passive film at pH 8.4, predicted thermodynamically (Figure 

2.7), was shown in the previous section. In this section, SO4
2-

 anions will be used to 

induce breakdown of the passive film. The effect of increasing [SO4
2-

] on Cu passivity in 

pH 8.4 borate buffer solution is shown in Figure 2.17. Increasing [SO4
2-

] decreases the 

pitting potential of polycrystalline Cu from fully passive in 0.01M [SO4
2-

] to 

approximately 0.3 VSCE in 0.5 M [SO4
2-

] in pH 8.4 borate buffer. Some metastable pitting 

is also indicated 

The behavior of the Cu75Hf20Dy05 alloys in pH 8.4 borate buffer and 0.5 M 

Na2SO4 is shown in Figure 2.18. In this environment Hf exhibits passivity without 

breakdown at all potentials. Cu undergoes breakdown and sustained dissolution at 0.3 

VSCE. Amorphous and crystalline Cu75Hf20Dy05 show numerous metastable pit current 

transients but never exhibit the sustained dissolution seen for high purity Cu even during 

an upward scan to 1VSCE. There is a qualitative indication that the current transients are 

larger in the amorphous state compared to the crystalline condition. The large transients 

are followed by periods of lower current density with few transients. In contrast, the 

crystalline Cu75Hf20Dy05 has more numerous, but smaller current transients. Similar 

behavior is seen in the less aggressive 0.1 M Na2SO4 solution, Figure 2.19. In this 

solution, the breakdown potential indicative of pit stabilization is elevated to around 1 

VSCE. The E-Log(i) behavior of the amorphous and crystalline Cu75Hf20Dy05 both show 

numerous pit current transients at potentials below Cu breakdown. This is indicative of a 

more protective oxide in the case of high purity polycrystalline Cu. 
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These current transients were further explored using potentiostatic polarization, 

Figure 2.19 (right), at a potential within the metastable breakdown regime. Oxide 

breakdown transients are observed for both amorphous and crystalline Cu75Hf20Dy05. The 

amorphous state undergoes more breakdown events. The total anodic charge for the 

amorphous structural state is 0.17 C/cm
2
 over 3600 s, while the charge in the crystalline 

structural state is only 0.05 C/cm
2
. 

These results indicate that there is a structure dependence on the ease of oxide 

breakdown and metastable pit formation Cu dissolution at local corrosion sites when the 

alloys are in the passive state. These results show strong evidence that the protective 

nature of the passive film and/or the dissolution from within pit initiated sites depends on 

the underlying structure of the alloy. The role of early stage pit growth is likely an 

underlying cause of the larger current transients. The passive film and underlying 

structure of amorphous Cu75Hf20Dy05 facilitates local dissolution of largely Cu compared 

to the more protective film on the crystalline state. 
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Figure 2.17. E-log(i) behavior of high purity Cu showing the effect of increasing [SO4
2-

]
 

in deaerated pH 8.4 borate buffer. In 0.01 M Na2SO4 solution no breakdown potential is 

observed, while the increase in concentration to 0.1 M and 0.5 M shows a decrease in 

critical potential. These results are similar to behavior observed by Cong [4]. 
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Figure 2.18. E-Log(i) behavior of Hf, Cu and Cu75Hf20Dy05 in pH 8.4 borate buffer and 

0.5 M Na2SO4 solution. Amorphous and crystalline Cu75Hf20Dy05 show numerous 

metastable current transients. In this environment Hf shows only passive current, while 

Cu undergoes breakdown and sustained dissolution at 0.3 VSCE. 
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Figure 2.19. E-Log(i) behavior (left) and potentiostatic polarization at 0.41VSCE indicated 

by the dashed line (right) of Hf, Cu and Cu75Hf20Dy05 in pH 8.4 borate buffer and 0.1 M 

Na2SO4 solution. The total anodic current of the amorphous state is 0.17 C/cm
2
 and for 

the crystalline state is 0.05 C/cm
2
. 
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2.6.4  Metastable Dissolution Behavior of Cu75Hf20Dy05 alloys in the Active Regime 

for Cu  

In the previous two corrosion regimes, passive film formation and localized 

breakdown of the passive films/early stages of pit growth, the underlying structure 

affected dissolution. This section focuses on the behavior of Cu75Hf20Dy05 in acidic SO4
2-

 

environments where no passive film formation is expected on Cu. A Hf passive film is 

not thermodynamically expected at this pH (Figure 2.7). However, Hf does not undergo 

dissolution in H2SO4 [40]. The lack of dissolution is due to kinetic passivity of Hf
5
. In 

contrast, Cu readily dissolves in acidic H2SO4 environments. This environment probes the 

effect of structure on the active dissolution of Cu under conditions where Hf is stable. 

The behavior of the Cu75Hf20Dy05 alloys was investigated at three concentrations 

of H2SO4 solution. The E-logi behavior in 1 and 0.1 M H2SO4 solution is shown in Figure 

2.20 and in 0.5 M H2SO4 solution in Figure 2.21. The Hf current density does not vary 

significantly with potential and remains less than 10
-5

 A/cm
2
 indicative of passivity. 

Similar Hf E-logi is observed at all three solution concentrations. Cu shows nearly charge 

transfer controlled dissolution behavior at all solution concentrations. The amorphous and 

crystalline Cu75Hf20Dy05 show some measure of resistance due to the Hf in solid solution. 

The increase in current density over that of high purity Hf is within 1 order of magnitude 

in 0.1 M H2SO4 solution. In the higher concentration solutions the difference increases by 

2-3 orders of magnitude. The alloying of Hf impedes the dissolution of Cu but this was 

                                                 
5
 Formation of the HfO2 oxide forms more quickly than the dissolution to the thermodynamically stable 

HfO
2+

 cation. This is a well-known effect in stainless steel where Cr alloying leads to protection at low pH 

despite that the Cr2O3 is not expected at this pH thermodynamically. 
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dependent on the aggressiveness of the solution. In more aggressive solution, the overall 

current density increases and the current transients become more substantial. 

The amorphous and crystalline structures both show an active-passive transition 

consisting of the two oxidation peaks, likely Cu/Cu
1+

 and Cu/Cu
2+

. The upper potential 

coincides with the main anodic process on high purity Cu. This peak in anodic current 

density is readily apparent in both structural states in 0.1 M H2SO4 solution. However, 

the current decreases at higher potentials, above the Cu-dissolution peak, and clearly 

indicates passivity. In the passive regime, current transients are observed in both states 

similar to the behavior of the Cu75Hf20Dy05 alloys seen in the basic environments. The 

passive anodic current density of the amorphous state is higher than the crystalline state 

in 0.1 M H2SO4 solution, and is 6·10
-5

 A/cm
2
 and 2.5·10

-5
 A/cm

2
 for the two conditions, 

respectively (at 0.5VSCE in the passive regime). 

In the more aggressive 0.5 M H2SO4 solution, the Cu dissolution active-passive 

transition is more pronounced in both alloys. This is especially true in the case of the 

amorphous alloy where a substantial increase in dissolution occurs compared to the 

crystalline case. Above the active nose at 0 VSCE, the crystalline structure exhibits 

numerous metastable current transients while the amorphous condition shows only a few 

such events. Both the number and size of current transients in the crystalline state are 

increased in 1 M H2SO4 solution. In this solution the Cu active-passive nose of the 

amorphous alloy has increased compared to the lower solution concentrations. No active-

passive nose is apparent
6
 in the case of the crystalline Cu75Hf20Dy05 alloy; instead more 

                                                 
6
 The active-passive nose size in the crystalline case is likely diminished due to the higher open circuit 

potential and the offsetting HER. 
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spontaneous passivity, with numerous high current density transients is observed. These 

events often persist which is indicative of pit growth prior to passivation as confirmed by 

optical examinations. Rapid cyclic scans were run across the Cu-dissolution nose to 

further elucidate this behavior. The potential rage is indicated by the dashed line in 

Figure 2.21 

Cyclic voltammetry experiments (at 5 mV/s) in the 0.5 M H2SO4 solution 

environment are shown in Figure 2.22 both as a comparison between the two structural 

states (top) and the cyclic trends for each alloy independently (bottom). Both oxidation 

peaks, the first oxidation peak at -0.1 VSCE and the second at 0 VSCE, are observed during 

the initial cycle for the amorphous and crystalline states. The reverse scans do not show 

Cu/Cu
+
 and Cu/Cu

2+
 reduction peaks. This indicates ejection of Cu cations into solution. 

The current density of the first oxidation peak (at -0.1 VSCE) is substantially higher in the 

case of the amorphous structural state than the crystalline state. During subsequent cycles 

of the amorphous state, only a single distinct peak is seen at -0.5 VSCE. In the crystalline 

state, both peaks remain distinct over all 5 cycles. Both conditions also show abrupt 

current spikes.
7
 The lowering of the Cu/Cu

1+
 and Cu/Cu

2+
 peak height from the 1

st
 to 5

th
 

cycle and the low passive current at high potentials suggests that Cu removed and ejected 

into solution through a passivating layer of HfO2. 

The structural state dependence of decay in the oxidation current density of the 

first oxidation peak was investigated using CV at 20 mV/s. The total charge density 

accumulated in the first oxidation peak or each structural state is shown in Figure 2.23. 

                                                 
7
 The sustained appearance and number of transients in the amorphous case is likely due to limited overall 

dissolution due to the fast scan rate compared to the E-logi behavior in Figure 2.21. 
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The amorphous state shows sustained charge density for each cycle after the first of 

approximately 3.6 mC/cm
2
. The charge for the crystalline state decayed substantially 

each cycle to a final value of 0.4 mC/cm
2
. 

The change in surface composition was determined using potentiostatic 

polarization at 0.15 VSCE, a potential just about the active-passive transition. The 

composition depth profile was determined by XPS after polarization. These results are 

shown in Figure 2.24. During polarization, the current density of the amorphous state is 

higher than crystalline state. The total charge was 0.255 and 0.076 C/cm
2
 for the 

amorphous and crystalline states, respectively. The total expected depth of dissolution, 

based on the accumulated anodic charge during polarization and Faraday’s Law, of the 

amorphous alloy was about 210 nm, while for the crystalline alloy it was 63 nm
8
. The 

composition depth profile shows a dealloyed layer that is enriched in Hf, consistent with 

HFO passivation and direct ejection of Cu
1+

 and Cu
2+

 into solution. However, the 

dealloyed layer thickness is on the order of 30 SiO2 equivalent nm. This result is 

significantly less than the expected depth from the dissolution charge assuming 100% 

preferential dissolution of Cu. Moreover, the composition depth profile is essentially the 

same for each structural state despite the difference in accumulated charge. It is likely 

that the dealloyed layer is on the order of the first 30 nm of the surface layer. 

  

                                                 
8
 For the Faraday’s law calculations, total preferential dissolution of the Cu from the matrix was assumed. 

Cu oxidation to the +2 valence state was assumed. The average density of pure Cu was used to calculate the 

depth. The preferential dissolution depth was calculated by using the Cu atomic ratio and assuming Under 

these assumptions the dissolution depth per charge density is 0.823 µm/C·cm
-2

  In the case of congruent 

dissolution, the dissolution depth per charge density is 0.46 µm/C·cm
-2

. In this case Hf oxidation to Hf
1+

 

and the Cu51Hf14 crystal density were used. 
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Figure 2.20. E-logi behavior of Hf, Cu and Cu75Hf20Dy05 in deaerated 0.1 M (left) and 1 

M (right) H2SO4 solution at pH 0.7 and -0.3, respectively. For reference, the oxidation 

potentials are listed assuming species concentrations of 10
-3

 M. 
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Figure 2.21. E-logi behavior of Hf, Cu and Cu75Hf20Dy05 in deaerated 0.5 M H2SO4 

solution. For reference, the oxidation potentials are listed assuming species 

concentrations of 10
-3

 M. 
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Figure 2.22. Cyclic voltammetry at 5mV/s for amorphous and crystalline Cu75Hf20Dy05 in deaerated 

0.5 M H2SO4 solution (pH 0). The 1
st
 cycle (top left) and 5

th
 cycle (top right) show the amorphous 

structural state has larger current density in both oxidation peaks over all 5 cycles Both states show 

metastable breakdown of the passive film above the Cu oxidation peaks. 
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Figure 2.23. Total charge in the first oxidation peak of amorphous and crystalline Cu75Hf20Dy05 

during rapid cyclic voltammetry at 20 mV/s from -0.5 to 0.6 VSCE in deaerated 0.5 M H2SO4 solution. 
The amorphous state shows higher sustained charge at 3.6 mC/cm

2
 than the crystalline state which 

decays to 0.4 mC/cm
2
 within 11 cycles. 
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Figure 2.24. Potentiostatic polarization in deaerated 0.5 M H2SO4 at 0.15 VSCE (top) and XPS 

depth profiling after the potentiostatic exposure for 1200 s (bottom) of amorphous and crystalline 

Cu75Hf20Dy05. The total accumulated charge in the amorphous state is 0.255 C/cm
2
 compared to 

0.076 C/cm
2
 in the crystalline state. The XPS results show surface enrichment of Hf resulting 

from preferential dissolution of Cu up to 40 SiO2 equivalent nm of depth. Despite the anodic 

charge difference (increases by a factor of 5 for the amorphous state) no corresponding increase 

in the dealloyed layer depth is seen. XPS results carried out at Institute for Critical Technology 

and Applied Science at Virginia Polytechnic Institute. 
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2.7  Discussion  

2.7.1  Effect of Nanostructure on Preferential Dissolution of Cu from the Matrix 

In acidic environments, Cu actively dissolves while Hf is passive due to kinetic 

passivity (Figure 2.21). The contrast in nobility is a likely scenario leading to preferential 

dissolution. Moreover, the lowering of the Cu/Cu
1+

 and Cu/Cu
2+

 peak height from the 1
st
 

to 5
th

 cycle (Figure 2.22) and the low passive current at high potentials suggests that Cu is 

removed through an increasingly perfect passivating layer of HfO2 and that less near 

surface Cu is available after each cycle. 

The composition depth profile indicates no difference in the composition profile 

between the amorphous and crystalline states of Cu75Hf20Dy05 despite the difference in 

total dissolution (Figure 2.24). Therefore alloy dissolution involves both Hf and Cu 

dissolution and in a moving dissolution front with surface layer Hf enrichment and 

preferential Cu dissolution. The dissolution mechanism is some form of congruent 

dissolution and preferential dissolution which makes sense because Hf passivity is not 

thermodynamically assured. 

This result corroborates the idea that the active/passive transition and oxidation 

peaks, within the active nose, is in fact Cu dissolution from the matrix instead of a 

reaction involving Hf or complexation of Cu. Within the detection limit of the XPS 

analysis, which is averaging roughly a 5 µm spot size, the dealloyed layer of the 

amorphous and crystalline state is very similar. X-ray diffraction (not shown) of the 

amorphous ribbon after a 1000 s potential hold at 0.4 VSCE in aerated 0.5 M H2SO4 

showed that the ribbon retained the amorphous structure after exposure. This result 
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indicates that was no X-ray detectable reorganization of remaining Hf in a crystalline 

state. 

2.7.2  Role of Nearest Neighbor Distance in Protective Film Formation 

A continuous network of passivating atoms is required for formation and 

complete coverage of a passive film [48-50]. The critical density of atoms has been 

theoretically calculated for binary alloys and compared the critical alloying concentration 

well established by experiments [48, 50]. In the Fe-Cr system, below 12 % Cr the 

corrosion resistance is poor because a continuous oxide is unable to form [50]. In this 

case, Sieradski showed that a critical separation distance of 0.418 nm is required for 

oxide bridging based on the distance between Cr clusters based on the ionic radii. Using 

this simple model, Cr atoms must be within the 2
nd

 nearest neighbor (NN) distance of 

another Cr atom. Calculating the probability of this occurring agrees with the 

experimental values. McCafferty considers M-O-M interactions and a Graph Theory 

based analysis to calculate the critical solute volume within the passive film to form a 

passive layer [48]. In both these approaches, the distance between atoms is a significant 

parameter at a local scale. 

The ordered Cu75Hf20Dy05 structure has a periodic array of atoms (see Figure 2.2 

and Figure 2.26), and the distance between Hf atoms is crystallographically well defined. 

The average distance between passivating Hf atoms is described for each of three Hf 

atoms based on the crystallographic radial distance of separation in Figure 2.3. These 

figures give some idea about the radial distance of Hf atoms from one another, i.e. the 

number of atoms within 0.4 nm, for instance. For comparison, the crystal structure of the 
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HfO2 oxide is shown in Figure 2.25. In the oxide, 12 Hf atoms are required within 0.4 nm 

of each Hf atom. This criterion is higher than the distribution in the crystalline alloy. 

Therefore, dissolution, surface diffusion of Hf and some surface enrichment Hf is likely 

required for passive layer formation. These features make this alloy system in regimes 

where Hf passivity dominates the corrosion behavior (as is the case in acidic 

environments) to study the effect of the underlying structure. 
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Figure 2.25. Schematic model of the HfO2 crystal structure (left) and Hf atomic 

distribution (right). The unit cell is orthorhombic Pnam (space group 62) with lattice 

parameters a = 0.554 nm, b = 0.646 nm, and c = 0.331 nm. [51] Model created using 

Diamond Crystallography Software [7].  
 

The disordered, amorphous Cu75Hf20Dy05 structure does not have a well-defined 

atomic distribution. It is likely that there are fluctuations in composition leading to SRO 

and MRO. Compositional fluctuations are seen in STEM HAADF imaging (Figure 2.12). 

The Hf/Zr-rich regions were 6-9 nm in diameter and were separated by Cu-rich regions 

between 1 and 3 nm in width. The three-dimensional composition map, determined using 

atom probe tomography, showed a random distribution of Cu and Hf and a slight 

tendency for Dy clustering. Atom probe tomography is unable to resolve nearest neighbor 

atoms due to the finite detection efficiency. Ideally a complete elemental map of the NN 
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and second NN is needed to measure the clustering effect. Some low atomic density 

pockets were resolved, however, and these could be areas of increased dissolution 

susceptibly due to reduced bond strength and solute (Hf) lean regions. 

It is likely that the Cu-Zr amorphous structure shares some similarities to the 

Cu75Hf20Dy05 due to Cu being primarily alloyed with such similar metals (Hf and Zr). 

Experiments and models of the local structure in amorphous Cu-Zr alloys (Summarized 

in Section 2.2.2) showed that a few specific coordination polyhedral cells dominate the 

structure. For example, in the Cu60Zr40 alloy both Cu and Zr atoms around surrounded by 

both atom types (Figure 2.4) and Cu atoms have an above random concentration of Zr 

atoms as nearest neighbors [22]. Simulations of Cu65Zr35 structure showed that a specific 

Cu-centered <0, 0, 12, 0> polyhedral formed connected chains within the amorphous 

structure [26]. The Cu centered polyhedral cells have an above random concentration of 

Zr atoms leading to regions enriched in Zr (marked in green). The length scale of the 

MRO, <0, 0, 12, 0> member atoms (likely Hf-enriched regions) are between 10 and 20 

atoms (between 2 and 6 nm). 

A comparison of the periodic crystalline Cu51Hf14 structure and the simulated 

Cu65Zr35 amorphous structure with Cu centered <0,0,12,0> atoms marked is shown in 

Figure 2.26. In the crystalline structure, the distribution of Hf atoms is periodic. If indeed 

Hf-solute lean regions of the amorphous structure exist, as is the case in Cu-Zr, then the 

ability to form a uniform passive layer is impaired. Solute lean regions lead to a loss of 

passivity due to difficulty in ‘oxide bridging’ the solute lean region. There will be regions 

where the oxide does not have complete surface coverage. This leads to a loss of 

passivating ability in the amorphous state compared to the crystalline state as seen in 
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Figure 2.18, Figure 2.20 and Figure 2.21. Similar arguments can be made for the Cu 

based oxide formation: there will be regions where the oxide has a difficult time 

achieving complete surface coverage In either case, the disordered structure would be 

detrimental to the overall localized corrosion resistance because of greater atomic scale 

fluctuations in composition. This adverse effect is seen in Figure 2.19, 2.21, and 2.22. 

 

 
Figure 2.26. Schematic model of 4x4 unit cells (left) of the hexagonal Cu51Hf14 crystal 

structure. Radius of the atoms was assumed to be 0.128 and 0.159 nm for Cu and Hf, 

respectively. In the model on right (Figure 2.6, adapted from [26]), the green balls 

designate atoms belonging to <0,0,12,0> clusters in the Cu65Zr35 metallic glass. These 

clusters, centered on Cu atoms, contain an above average proportion of the Zr atoms [22]. 

The outlined region (white) in the Cu65Zr35 model has approximately the same area as the 

Cu51Hf14 are schematic. The Cu51Hf14 model created using Diamond Crystallography 

Software [7]. 
 

In the results section, it was observed that there are subtle differences in the 

passive layer formation in pH 8.4 borate buffer solution (Figure 2.14 and Figure 2.16). 

The crystalline structure shows Cu oxide formation similar in characteristic features (2 

oxidation and reduction peaks) and magnitude to the polycrystalline high purity Cu 

sample. The disordered amorphous state shows much lower current density (6.0·10
-6 

compared to 1.5·10
-6 

A/cm
2
 in the first oxidation peak, Figure 2.14) indicative of less Cu-
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based oxide formation. One hypothesis stemming from these results is that the oxide 

formation is less extensive due to the distribution of Cu atoms and local composition 

fluctuations on the order of the second NN distance which results in a less effective oxide 

A corresponding decrease in the localized corrosion resistance was observed for 

the disordered amorphous structural state in Hf/Cu passive environments (Figure 2.18) 

and Cu active/Hf passive environments (Figure 2.21). In the metastable pitting 

experiments, more numerous events of higher overall charge were observed for the 

amorphous case than for the crystalline structure (Figure 2.19).  

In the acidic environments, there are two stages of behavior. Low over-potentials 

(up to about 0.0VSCE, Figure 2.21) corresponds dissolution of surface Cu. Cu dissolution 

occurs more easily from the amorphous than crystalline state. The second stage, at higher 

applied potentials, is the metastable localized breakdown of the passive film, represented 

by the current transients (Figure 2.21).  

The behavior of the crystalline state is dominated by metastable breakdown 

behavior at potentials higher than the Cu dissolution peak in the more aggressive 1 M 

H2SO4 solution (Figure 2.20). The results show that the protective capacity of the Hf-

based oxide films is decreased due to the amorphous structure. These observations 

support the hypothesis of a more spatially defective imperfect oxide affiliated with the 

amorphous structure.  

2.7.3  Hf as a Dissolution Moderator 

In acidic H2SO4 solution, the amorphous structure undergoes significant Cu 

dissolution compared to the crystalline state (Figure 2.23). In this regime, the dissolution 
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moderating effect of the Hf is apparent. Dissolution requires the rupture of the atomic 

bonds surrounding the dissolving atom as it is oxidized. After all the bonds holding the 

atom to the surface cleave, the atom loses electrons and dissolves into solution forming a 

solvation sheath. The class of alloying additions that result in stronger bond formation are 

known as dissolution moderators [52]. These beneficial solute atoms must remain in solid 

solution to bestow uniform dissolution resistance to the alloy. One of the big advantages 

of the amorphous structure is the ability to dissolve alloying elements in high 

concentrations that provide dissolution moderation effect into solid solution with 

precipitate phase formation [13]. 

It was shown that Hf alloying greatly slows Cu dissolution from the alloy matrix 

(acidic environments, Figure 2.21 for instance). It is likely that Hf is acting as a 

dissolution moderator. With Hf dissolved into the matrix enough more dissolution 

resistant bonds are formed. A simplified example is the case where more Hf-Hf and Cu-

Hf bonds are formed which are more resistant to bond cleavage than Cu-Cu bonds. In 

reality, the interplay of all NN and 2
nd

 NN is important for determining the bond strength 

[53]. Dissolution of Cu from the amorphous alloy occurs more readily from the 

amorphous structure than the crystalline structure. A similar argument to the one made 

for passivity can be made here.  

The disordered structure lacks the regular arrangement of Hf atoms that exists in 

the periodic structure. Evidence for compositional ‘clusters’ of solute lean regions is seen 

in the cloud like regions of Cu-rich areas in the TEM HAADF image in Figure 2.11. 

Thus, the concentration of solute is non-uniform and the corresponding moderating effect 

the solute-lean Hf atoms is diminished. The three-dimensional composition analysis 
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shows regions of decreased density in the amorphous state Figure 2.13. Within these 

regions atoms, it is likely that atoms would be less strongly bound to other atoms 

providing regions of increased dissolution susceptibility. 

In Figure 2.21, the large peak of Cu dissolution from the amorphous structure is 

not observed is not seen in the crystalline structure. The increase in dissolution 

susceptibility is likely due to the regions that are Hf-solute lean which would more easily 

dissolve. This dissolution would continue until a surface meeting the characteristic 

threshold Hf concentration to forestall dissolution is revealed. After this point, the surface 

of the amorphous structure is less susceptible to dissolution transients than the crystalline 

structure, although the overall dissolution rate is very similar between the two structures. 

2.8  Conclusion 

In this chapter it was shown that the amorphous structure affects both the 

formation tendency of the passive film and the dissolution resistance. The passive film 

formed on the amorphous Cu75Hf20Dy05 alloy was rationalized to be spatially less 

uniform and therefore more difficult to form a homogeneous uniform surface coverage 

than in the case of the crystalline Cu75Hf20Dy05. During dissolution, the amorphous 

structure exhibited more Cu dissolution than the crystalline structure.  

Determinations the amorphous structure using atom probe tomography did not 

detect any local atomic clustering. However, clustering observed in Cu-Zr alloys involves 

NN and 2NN ordering is below the detection limit of this technique. It was determined 

that no significant medium range ordering was detected. Local fluctuations in the free 

volume of the material were observed.  
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Atomic composition and free volume fluctuations at the local scale contribute to 

the overall corrosion behavior. The lack of a periodic distribution of the beneficial solute 

in the amorphous structure is thought to play a significant and detrimental role in this 

behavior. 
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3    Preferential Dissolution of Hf and Subsequent Surface 

Reconstruction Comparison between the Amorphous and Crystalline 

States of Cu75Hf20Dy05  

3.1  Abstract 

An amorphous solid solution alloy that undergoes devitrification without 

changing composition either locally or globally was utilized to examine the effects of 

structural ordering on corrosion properties in the absence of any accompanying chemical 

partitioning. Melt spun amorphous Cu75Hf20Dy05 undergoes single phase devitrification 

to a Cu51Hf14 phase. The difference in corrosion behavior between these two structures 

was explored in hydrofluoric acid solutions where preferential dissolution of Hf occurred. 

Preferential Hf dissolution occurred more readily in the amorphous alloy specimens 

compared to its crystalline counterpart. Remaining Cu reorganized to form an fcc 

nanostructure in both conditions. This process occurred quickly in the amorphous state 

and more slowly in the case of the crystalline variant. A uniform nanoporous Cu sponge 

structure formed, with a pore diameter around 10 nm, after dissolution in the amorphous 

state. A less uniform nanoporous structure formed more slowly when occurring from the 

crystalline state. These differences were traced to the effects of ordering on both 

dissolution and surface diffusion. 
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3.2  Introduction 

The role of atomic scale structure (nanostructure) on corrosion properties of 

metals remains unclear. This is in large part due to the presence and nature of structural 

and chemical defects which typically result in regions of structural and chemical 

inhomogeneity. These sites often dominate the corrosion behavior [1-3]. For amorphous 

alloy systems the lack of long range order, grain boundaries and defects is thought to be 

one of the key beneficial characteristics leading to the concept that amorphous alloys 

possess superior corrosion resistance compared to their crystalline counterparts [4]. 

However, it is becoming increasingly clear that corrosion resistance of amorphous alloys 

benefit from accommodating a large concentration of passivating or dissolution inhibiting 

elements in solid solution [5], lack of defects with chemical or structural non-uniformities 

[6], and complex roles of minor alloying elements often added for other reasons [7]. In 

contrast, the role of nanostructured atomic arrangements on the corrosion behavior of 

amorphous and crystalline alloys has been elusive and is not well understood (Ch. 2) [8-

14]. 

Transformation of disordered amorphous alloys to ordered single phase 

crystalline alloys provides an ideal forum to study the role of structural ordering on the 

corrosion behavior without the accompanying complication of long range chemical 

partitioning. However, previous studies have led to contradictory conclusions regarding 

the effects of ordering without compositional change on the corrosion behavior of 

amorphous alloys increases [8, 9, 11], decreases [10, 14], and minimal effect [12, 13]. 

This study focuses on corrosion of an amorphous solid solution alloy compared to 

a stoichiometrically equivalent crystalline structure lacking other micrometer scale 
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defects. Preferential dissolution of one element from the matrix provides an ideal 

opportunity to use electrochemical techniques to explore the effect of ordering on this 

process. The role of ordering on preferential dissolution has been studied in the Cu3Au 

system, which undergoes a transformation from a disordered crystalline solid solution to 

an ordered crystalline state. The ordered single phase exhibits passivity at higher 

potentials and has a higher critical dealloying potential than disordered crystalline Cu3Au 

[15]. The crystallographic orientation of the initial dealloying of (111) Cu3Au in sulfuric 

acid solution was carefully studied and low over-potential dealloying led to the formation 

of strained Au regions while higher over-potential dealloying caused the formation of 

relaxed Au islands with FCC structure [16]. 

Two issues are how structure affects the behavior of passive materials and how it 

affects dissolution in the active state. In the case of active dissolution, dealloying, or 

preferential dissolution of a less noble element, often occurs. Dealloying to form nano-

porosity has been widely studied for catalyst production and other applications [17, 18]. 

In particular, significant research has been performed with the goal of producing 

nanoporous Cu using both crystalline and amorphous precursor alloys in a variety of 

solution environments. Nanoporous Cu was dealloyed from a single phase Mn-Cu alloy 

in hydrochloric and sulfuric acid solutions [19, 20]. Dissolution of Cu-based amorphous 

materials has also been studied. Dissolution of Al and Mg from an Al-Cu-Mg precursor 

alloy produced nanoporous Cu [21]. Amorphous Cu60Zr30Ti10 ribbons were dealloyed by 

full immersion in varying low, 0.05 M – 1.0 M, concentrations of hydrofluoric acid 

solution under free corrosion conditions, where Zr and Ti were found to selectively 

dissolve forming nanoporous Cu [22]. Similar to Zr, it is expected that Hf would undergo 
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preferential dissolution in hydrofluoric acid solution [23]. In contrast, in alloy systems 

such as Cu60Zr30Ti10 and Cu75Hf20Dy05, where Cu is alloyed with primarily refractory 

elements, dealloying in mineral acids favors Cu dissolution.  

Hydrofluoric (HF) acid is often used in electrochemistry because of its ability to 

preferentially dissolve elements (Nb, Zr, Ta [24], and Hf [23]) that normally are not very 

susceptible to dissolution in strong mineral acids, e.g., hydrochloric and sulfuric acid. 

Conversely, elements that typically dissolve in strong acids (A prime example is Mg 

which forms a fluoride based protective film [24]) are resistant to corrosion in HF acid 

solution. The difference in nobility between alloying elements creates situations ideal for 

studying the effect of structural ordering on dealloying. Preferential dissolution of less 

noble elements in HF acid solution occurs by selective dissolution of Hf without Cu 

oxidation. The comparative behavior of the disordered amorphous and crystalline 

Cu75Hf20Dy05 is explored in hydrofluoric acid solution during Hf dissolution and Cu 

reorganization in this chapter. A separate chapter (2) compares the behavior of disordered 

amorphous and crystalline states on passivity and local corrosion. An additional study 

addresses the effect of structure in mineral acids where Hf is a strong passivator and Cu 

can dissolve preferentially. 

In this work, amorphous and crystalline structures, with no change in 

composition, were studied using HF acid solution at concentrations of 0.1 and 1 M using 

potentiodynamic polarization, potentiostatic polarization methods and subsequent surface 

analysis. Controlled selective dissolution of Hf from the matrix was observed. After 

exposure to the solution environment, the structure was characterized using x-ray 

diffraction (XRD), the surface morphology using scanning electron microscopy (SEM) 
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and surface composition using energy dispersive spectroscopy attached to the SEM 

(SEM-EDS). We found that crystalline Cu75Hf20Dy05 exhibits increased resistance to 

dissolution in HF solution compared to the amorphous Cu75Hf20Dy05 of the same 

composition. The effect of ordering on dissolution of Hf and surface diffusion of Cu are 

discussed. 

3.3  Critical Unresolved Issue 

What is the effect of amorphous vs. crystalline Cu75Hf20Dy05 structure on 

corrosion under conditions where Hf dissolves preferentially from the matrix and Cu 

reorganizes? This is in contrast to the previous chapter where Hf was a beneficial solute 

in the sulphate environments studied.  

3.4  Experimental 

3.4.1  Metallurgical Characterization 

Amorphous Cu75Hf20Dy05 was produced by the melt spinning technique. High 

purity elements (Cu 99.999%, Hf 99.9% excluding Zr (nominal 2%), and Dy 99.9%) 

were made into an ingot by arc melting under an argon atmosphere. The ingot was then 

inductively melted under argon and rapidly cooled on a Cu wheel of radius 10 mm with a 

rotation speed of 40 m/s. Prior to heat treatments, samples were first encapsulated in 

quartz tubes under argon. To fully crystallize the amorphous ribbon, encapsulated 

samples were annealed at 600°C for 30 minutes and then water quenched.  

High purity element samples, used in comparative electrochemistry experiments, 

were polycrystalline Hf wire (99.7% Zr nominal 3%) and high purity polycrystalline Cu 

wire (>99.99%) with surface areas roughly equivalent to the Cu75Hf20Dy05 ribbons. 
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3.4.2  Corrosion Measurements 

The corrosion measurements were conducted using two different working 

electrode specimen mounting procedures with different exposed areas. Schematics of 

both are shown in Figure 3.1. The first involved ribbon samples which were mounted 

perpendicular to their long axis in epoxy with an exposed area of roughly 80 µm x 300 

µm and an approximate surface area of 10
-4

 cm
2
. The epoxy mounted samples were 

ground using successively finer grits, 400-600-800-1200, of SiC paper. 

The epoxy and the associated small exposed area limit the post exposure 

characterization techniques including XRD, SEM and EDS. To alleviate these issues an 

alternative specimen mounting procedure, also shown in Figure 3.1, was used to expose a 

much larger surface area, about 0.1 cm
2
, without using epoxy. In this setup, an 

unpolished ribbon was electrically connected to an Al-mounting pole using adhesive Cu 

tape. The area beneath the exposed ribbon had been previously electrically isolated from 

the solution by painting with a lacquer. The Al – Cu tape – specimen electrically 

connection was then lacquered to electrically isolate it from the solution. After exposure, 

the lacquer was easily removed and the Cu tape connection was severed to remove the 

specimen for XRD and SEM analysis. Ribbon cross sections were created by attaching 

the exposed ribbon to carbon tape and then slicing them with a razor blade. Surface 

morphological, dealloyed layer thickness and semi-quantitative compositional analysis 

was performed using a field emission gun JEOL 6700F SEM with an attached EDS 

detector. 

Both setups utilized a traditional 3-electrode setup with an exposed electrically 

isolated working electrode, reference electrode and platinum counter electrode. An all 
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PTFE electrochemical cell was used due to the ability of the HF solution to dissolve 

borosilicate type glass. The reference electrode used was a Saturated Calomel Electrode, 

hereafter referred to as SCE, electrode with a plastic body and a ceramic ion junction. 

Chemical solutions were produced using reagent grade chemicals and pure water 

(resistivity 18.2 M Ω /cm) produced by an Academic MilliQ filtration system (MilliPore). 

The solution was left aerated. Polarization experiments were conducted using a Gamry 

FAS2 Femtostat low current potentiostat. 

 

 

 

Figure 3.1. The working electrode specimen mounting configuration in epoxy with 

perpendicular mounting (left) and with a large ribbon section exposed (right).  
 

The amorphous and annealed crystalline specimens were characterized by XRD 

and TEM prior to exposure. These specimens were subsequently mounted for 

electrochemical experiments using the two different mounting methods. Experimental 

measurements conducted include cyclic polarization, potentiostatic polarization, and 

cyclic voltammetry (CV) below the Cu open circuit potential (OCP) and through the Cu 

OCP to anodic potentials. Cyclic polarization behavior was measured at a scan rate of 1 

mV/s with scans starting and ending at a potential 200 mV below the open circuit 
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potential with an apex potential of 1000 mVSCE. Cyclic CV experiments had a scan rate 

of 20 mV/s. 

Several assumptions and approximations were used to calculate the depth of 

penetration of preferentially dissolving Hf. The conversion from charge density to the 

quantity of monolayers removed was estimated using Faraday’s Law. The total number 

of atoms in a given monolayer was assumed to be approximately 10
15

 atoms/cm
2
. For the 

Cu75Hf20Dy05 alloy, Hf atoms comprise 20 at %. Thus, the total number of Hf atoms is 

0.2·10
15

 atoms/cm
2
. Assuming that Hf oxidizes to the +4 valence state, the total number 

of monolayers through which preferential Hf dissolution has occurred can be estimated 

assuming uniform dealloying. Additionally, an approximate depth of preferential 

dissolution penetration into the Cu75Hf20Dy05 alloy was calculated from Faraday’s Law 

using the average density of Hf. The uniform depth was converted to a dealloying depth 

by a factor of 5 to account for the fact that only 20 at % Hf was dissolving. 

3.5  Results 

3.5.1  Thermodynamics of F
-
-Hf/Cu-H2O systems 

HF is a weak acid with a dissociation constant, pKa, of 3.20 [25]. The pH of the 

HF solution concentrations used in this study was calculated based on the weak acid 

approximation. For a 0.1 M HF solution, the speciation diagram, Figure 3.2, was 

calculated [26]. For HF solution concentrations of 0.01, 0.1 and 1 M, the pH and the 

anion concentrations determined by the speciation diagram are tabulated in Table 3.1. 

According to the speciation diagram, 0.01 M is approximately the concentration of F
-
 and 

HF2
-
 anions in 0.1 M HF solution. With the rest present as HF or H2F2 dimer. 
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E-pH diagrams, Cu (Figure 3.3), Hf (Figure 3.4) and Dy (Figure 3.5)., were 

calculated for a series of F
-
 concentrations for each constituent element [26]. The F

-
 

concentrations plotted are 0.01M, the expected concentration present in 0.1 M HF 

solution, and 1 M. To compare, the Pourbaix diagram without any F
-
 (0 M) ions is also 

shown. The Pourbaix diagrams show that for low F
-
 concentrations, no Cu complexation 

is expected. However, at higher F
-
 concentrations (1 M F

-
), a stable CuF

+
 complex forms 

above pH 2.5. The horizontal Cu oxidation line at 0.18 VSHE (-0.06 VSCE) is unchanged 

from the water system except at higher concentrations of F
-
 and even then only at less 

acidic pH (above 4.5). For hafnium, the Pourbaix diagram remains unchanged even at 

high F
-
 concentrations indicating that F

-
 has no effect on the thermodynamic stability of 

Hf. At 10 mM F
-
 concentration, Dy forms 2 complexes, DyF

2-
 and DyF2

1-
, and a stable 

DyF3 at a pH above a pH of about 2.8. At higher F
-
 concentrations, the region where 

DyF3 is the stable species enlarges to include lower pH ranges. In 1 M F
-
 solution, DyF3 

is stable to nearly a pH of 1. 

It has been observed that hafnium indeed corrodes in HF solution, and the likely 

electrochemical reaction, Equation 3.1, is oxidation of Hf to HfF4 by molecular HF (also 

producing H2) [23]. Similar behavior was seen for Zr which oxidizes to ZrF4 in HF 

solution [27]. It is likely that HfF4 is a thermodynamically unstable precipitate possibly 

forming a hydrate [28] or some other reaction with water, and thus not appearing on the 

Pourbaix diagram. The solubility of ZrF4 has been determined and has some solubility, 

1.5 g/100 mL, in water [25].  

Hf   HF  HfF         3.1 
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Table 3.1. Calculated values for the pH, [F
-
], [HF2

-
] and [HF] of the 0.01, 0.1 and 1 M HF 

solution. Balance is H2F2. 

[HF] pH [F
-
] [HF2

-
] [HF] 

1 M 1.61 8 mM 17 mM 350 mM 

0.1 M 2.12 6 mM 2 mM 68 mM 

0.01 M 2.65 2 mM - 8 mM 

 

 

 
Figure 3.2. Calculated speciation diagram for F

-
-H20 for solutions containing 0.1 M F- 

ions in solution at 25°C. 
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Figure 3.3. Calculated Cu-F

-
-H2O Pourbaix diagrams with F

-
 concentrations of 0 mM, 10 mM and 1 M at room temperature. 

 
Figure 3.4. Calculated Hf-F

-
-H2O Pourbaix diagrams with F

-
 concentrations of 0 mM, 10 mM and 1 M at room temperature. 
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Figure 3.5. Calculated Dy-F

-
-H2O Pourbaix diagrams with F

-
 concentrations of 0 mM, 10 mM and 1 M at room temperature. 
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3.5.2  Structural Characterization of the Amorphous and Crystalline States 

The characterization of the amorphous and crystalline states where shown in 

Chapter 2. The amorphous ribbon crystallizes to a single Cu51Hf14 phase [29], with a 0.6 

degree phase shift likely due to Dy solid solution substitution on the Hf lattice sites. The 

amorphous structure was confirmed by TEM. The compositional fluctuations at the nm 

scale were studied using both STEM (HAADF) and atom probe tomography. 

3.5.3  Anodic Electrochemical Dissolution Behavior 

The anodic polarization behavior of the amorphous and crystalline Cu75Hf20Dy05 

is compared to their primary alloying elements in 1 M (Figure 3.6) and 0.1 M (Figure 

3.7) aerated HF solution. The polarization was preceded by a 600 second open circuit 

hold. Some important conclusions can be drawn from the OCP behavior. At both HF 

solution concentrations, Hf and Dy have a much lower OCP than Cu indicating coupled 

anodic and cathodic reactions at potentials where Cu is immune. Moreover, the OCP of 

both the amorphous and crystalline Cu75Hf20Dy05 alloy is intermediate, between the 

potentials of high purity Cu and Hf/Dy. The alloy’s open circuit potential increases with 

time suggests that Hf dissolution from the surface layers giving rise to a more Cu rich 

surface and associated nobility. At the higher 1 M HF solution concentration, both the 

amorphous and crystalline alloys undergo sharp decreases in potential. Likely, these 

potential decreases are due to newly exposed regions rich in Hf leading to a temporary 

increase in rate of Hf dissolution and an associated decrease in the open circuit potential. 

In the lower concentration 0.1 M HF solution, the OCP of the crystalline Cu75Hf20Dy05 
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remains stable over time while the amorphous state shows the sharp potential drops seen 

in the higher HF concentration solution. 

The polarization behavior in both solutions shows no passivity for either Cu or 

Hf, but distinctly different behavior. In 1 M HF solution, Hf corrodes above its OCP, -

1000 mVSCE, at 10 mA/cm
2
 of which is likely the anodic mass transport limited current 

density for Hf because there is no increase in current density as potential increases. Cu 

dissolution occurs above its open circuit at -100 mVSCE, but a form of weak salt-film 

based passivation occurs. This behavior is also seen for both states of the Cu75Hf20Dy05 

alloy. After the open circuit delay, the amorphous and crystalline Cu75Hf20Dy05 both 

exhibit very similar E-logi behavior (Figure 3.6) to high purity Cu including breakdown 

events at potentials above 200 mVSCE. Similar behavior is observed in lower 

concentration 0.1 M HF solution shown in Figure 3.7, but the apparent limiting current 

density for Hf dissolution is 1 mA/cm
2
. In 0.1 M HF solution, the crystalline state has a 

lower open circuit potential than the amorphous state but similar behavior at anodic over-

potentials. In both solution concentrations, the amorphous and crystalline alloys have 

lower open circuit potentials than high purity Cu and dissolve at slightly lower potentials. 

The key result of these experiments is that Hf dissolves at significantly lower potentials 

than Cu. Testing within this region, where high purity Cu is immune, will dissolve Hf 

preferentially and enable the residual uncorroded Cu to reorganize. 

Optical micrographs after the polarization experiment showed the surface of both 

amorphous and crystalline Cu75Hf20Dy05 had changed from an initial Ag metallic color to 

an orange color indicating the surface layer had likely become Cu rich. This will be 
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explored in more detail using the larger exposure area mounted ribbon specimens and is 

discussed in the later sections. 
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Figure 3.6. Open circuit behavior (top) and the anodic polarization (bottom) behavior of 

amorphous and crystalline Cu75Hf20Dy05 alloys compared to the high purity 

polycrystalline alloying elements at 1 mV/s in aerated 1 M HF solution.  
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Figure 3.7. Open circuit behavior (top) and the anodic polarization (bottom) behavior of 

amorphous and crystalline Cu75Hf20Dy05 alloys compared to the high purity 

polycrystalline alloying elements at 1mV/s behavior in aerated 0.1 M HF solution. 
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3.5.4  Effect of Structure on Increase in Hydrogen Evolution with Concurrent 

Hafnium Dissolution 

Rapid CV experiments performed on the amorphous and crystalline Cu75Hf20Dy05 

samples to explore differences in Hf dissolution behavior in aerated 0.1 M HF solution 

without mass transport effects. The experiments were cycled (-1 to -0.1 VSCE) over the 

potential range where Hf dissolution is expected while Cu remains stable. The cyclic 

voltammogram ranged from near the Hf OCP at -1 VSCE to just below the Cu OCP at -0.1 

VSCE. The cyclic voltammograms (Figure 3.8) of the amorphous and crystalline 

Cu75Hf20Dy05 show an increase in cathodic current density as the cycle number increases. 

This increasing cathodic half-cell reaction is likely HER with a Nernst potential of -0.341 

VSCE in 0.1 M HF solution.  

The cathodic current densities are greater for the amorphous case than for the 

crystalline case. This behavior is readily apparent in Figure 3.9 which shows the current 

density at a potential of, -0.9 VSCE, during the upward scan of each cycle. This plot also 

shows increase in magnitude of the cathodic current density for both the amorphous and 

crystalline samples. The increase in cathodic current density is attributed to enhanced 

hydrogen evolution on Cu [30]. By cycle 20, the amorphous sample stabilizes at higher 

cathodic current densities, -0.22 A/cm
2
, than the crystalline sample, -0.16 A/cm

2
. The 

interpretation of this data is that Cu enrichment and associated Hf dissolution occurs 

more readily in the case of the amorphous alloy. 
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Figure 3.8. Cyclic voltammograms of Cu75Hf20Dy05 amorphous (left) and crystalline 

(right) in aerated 0.1 M HF solution at a scan rate of 20 mV/s. 
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Figure 3.9. Hydrogen evolution current density at -0.9 VSCE during the upward scan of 

each cycle. Total potential range per cycle was -1 VSCE to -0.1 VSCE at a scan rate of 20 

mV/s in aerated 0.1 M HF solution. 
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Figure 3.10. Cyclic voltammograms of Cu and Hf from -0.25 VSCE to 0.5 VSCE, scan rate 

20 mV/s, in aerated 0.1 M HF solution. For Cu, every 5 cycles is plotted. The direction of 

solid arrow indicates increasing cycle number. For Hf, a single representative cycle is 

shown. 

3.5.5  Effect of Structure on Cu Dissolution 

Rapid CV experiments were also performed to highlight the Cu dissolution 

behavior as a function of structure. This was performed in aerated 0.1 M HF solution in a 

potential regime where Cu dissolution is faster than Hf dissolution (Figure 3.7). The 

initial potential was -0.250 VSCE and the apex potential was 0.5 VSCE. A total of 40 

consecutive cycles were run at 20 mV/s in aerated 0.1 M HF. The polarization behavior 

indicates that over this entire potential range Hf dissolution and Dy oxidation is expected. 

Above 100 mV, Cu is expected to dissolve as well.  

Figure 3.10 shows the CV behavior of the primary constituent elements, Cu and 

Hf. Figure 3.11-Figure 3.16 detail CV results for amorphous and crystalline 

Cu75Hf20Dy05. Figure 3.11 and Figure 3.12 focus on comparisons of the Cu dissolution 
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behavior of the amorphous and crystalline structure. Trends in the cyclic behavior are 

shown for crystalline Cu75Hf20Dy05, Figure 3.13, and for amorphous Cu75Hf20Dy05, Figure 

3.14 -Figure 3.16. 

Figure 3.10 shows the cyclic voltammogram for Cu and Hf. For all 40 cycles, Cu 

is active above 0.1 VSCE. The peak anodic current density slightly as the cycle number 

increases. Hf also undergoes dissolution at its mass transport limiting current density over 

the entire potential range. Only a single representative Hf CV is shown. The measured 

current density correlates with the limiting current density measured by cyclic 

polarization. Dy, not shown in the figure, has constant initial current density during the 

first cycle of 90 µA/cm
2
. For the subsequent cycles, the Dy specimen had a constant 

cathodic current density around -200 µA/cm
2
. 

The first 4 cycles of the CV experiments are shown in Figure 3.11 comparing 

both amorphous and crystalline Cu75Hf20Dy05 states. During each cycle the anodic current 

density for the amorphous state is much higher than the crystalline state. Additionally, at 

potentials higher than the active nose, the current density for both cases decreases. In 

addition for the amorphous case there are numerous large anodic transient events at 

increased potentials. The charge during the large current density transients during the first 

few cycles of the amorphous alloy is 1-2 mC/cm
2
 which is roughly equal to 6 - 12 

monolayers of uniform dissolution. In contrast, the transient events are far fewer in 

number and significantly smaller in magnitude (0.5 mC/cm
2
 and ~3 monolayers) in the 

case of the crystalline state. 
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Figure 3.12 shows the final, typically stable for the last 5-10 cycles, current 

density for each state. In the amorphous state, there are two oxidation peaks, one around 

50 mVSCE and a second around 150 mVSCE. There is a large reduction peak at -50 mVSCE 

likely due to redeposition of Cu ions from solution. In the crystalline specimen, the initial 

lower potential oxidation peak is not present but the specimen does exhibit the higher 

potential oxidation peak. The corresponding reduction peak is much smaller in the 

crystalline specimen compared to the amorphous one. 

Figure 3.13 shows the trend for all 40 CV cycles for crystalline Cu75Hf20Dy05. The 

first 20 cycles show the decrease in the oxidation peak with initial apex at about 275 

mVSCE. As the cycles increase the peak diminishes in magnitude and shifts to higher 

potentials. At cycle 20, the nose of the oxidation peak has shifted to approximately 430 

mVSCE. Cycles 20-40 show a further increase in the potential of the apex current density 

and a continued decrease until the steady state behavior, described in Figure 3.12, is 

reached.  

The behavior of the amorphous specimen is significantly different and can be 

described as having different stages. Cycles 1-4, Figure 3.11, show the reduction of the 

initial oxidation peak, with apex current density at 250 mVSCE, and a decrease in 

accompanying transient events. Cycles 5-6 show a shift in the oxidation peak, during the 

upward scan, to a broad beak between 300 and 450 mVSCE. Over the next 7 cycles, the 

oxidation peak during the upward scan decreases in magnitude but remains at the same 

potential. On the downward scan, from high potential to low, a peak grows at about 230 

mVSCE. The growth of this peak is shown in Figure 3.14 for select cycles. For cycles 13-
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22, Figure 3.15, the peak present during the downward scan peak diminishes until the 

steady state is reached by about cycle 35, Figure 3.16. 

The total charge density was calculated for each cycle for the constituent 

elements, except Dy which has a negligible charge, and the amorphous and crystalline 

Cu75Hf20Dy05. The charge vs. cycle is plotted in Figure 3.17. Cu has a comparatively high 

charge density per cycle while Hf is constant at much lower value corresponding to its 

limiting current density. The crystalline Cu75Hf20Dy05 very quickly decreases to low 

current densities crossing below 0.6 C/cm
2
 by cycle 12; whereas for amorphous 

Cu75Hf20Dy05 the decrease in charge is much slower, matching the Cu dissolution rate for 

a number of cycles, and does not cross below 0.6 C/cm
2
 until cycle 23. The final charge 

density for both the crystalline and amorphous state is somewhat similar in magnitude, 

with the crystalline specimen slightly lower, and is lower than the current density for the 

Hf dissolution reaction. The lower charge density arises possibly due to the beneficial 

role of passivation brought on by Dy forming DyF3 or possibly some other form of 

dissolution inhibition. In summary, the findings of these experiments indicate that in a 

regime where Cu dissolves faster than Hf, more Cu dissolves from the amorphous alloy 

than the crystalline alloy. 
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Figure 3.11. Cyclic voltammograms of amorphous and crystalline Cu75Hf20Dy05 from -

0.25 VSCE to 0.5 VSCE at a scan rate of 20 mV/s in aerated 0.1 M HF solution. Cycles 1-4 

are shown. Numbers indicate cycle number for amorphous Cu75Hf20Dy05. The arrow 

indicates increasing cycle number for crystalline Cu75Hf20Dy05. 
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Figure 3.12. Cyclic voltammograms of amorphous and crystalline Cu75Hf20Dy05 from -

0.25 VSCE to 0.5 VSCE at a scan rate of 20 mV/s in aerated 0.1 M HF solution. The final 

cycle, 40, is shown. 
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Figure 3.13. Cyclic voltammograms of crystalline Cu75Hf20Dy05 from -0.25 VSCE to 0.5 

VSCE at a scan rate of 20 mV/s in aerated 0.1 M HF solution. Cycles plotted are 1-20 (top) 

and 16-40 (bottom). Arrows tracks the maximum current density during a given cycle and 

direction indicates increasing cycle number. 
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Figure 3.14. Cyclic voltammograms of amorphous Cu75Hf20Dy05 from -0.25 VSCE to 0.5 

VSCE, scan rate 20 mV/s, in aerated 0.1 M HF solution. Cycle 6-13, selected cycles 

represented, show the growth of peak at 250 mVSCE during the downward scan. Dashed 

lines indicate scan direction. 
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Figure 3.15. Cyclic voltammograms of amorphous Cu75Hf20Dy05 from -0.25 VSCE to 0.5 

VSCE, scan rate 20 mV/s, in aerated 0.1 M HF solution. Cycles 13-22 show a decrease in 

the 250 mVSCE peak highlighted by the solid arrow. Dashed lines indicate scan direction. 
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Figure 3.16. Cyclic voltammograms of amorphous Cu75Hf20Dy05 from -0.25 VSCE to 0.5 VSCE, 

scan rate 20 mV/s, in aerated 0.1 M HF solution. Cycles 22-40, selected cycles represented, show 

a decrease in current density to the stable E-i behavior. Dashed lines indicate cycle direction. 
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Figure 3.17. Calculated charge density per cycle of amorphous and crystalline Cu75Hf20Dy05 

alloys during cyclic voltammetry from -0.25 to 0.5 VSCE at 20 mV/s. High purity polycrystalline 

Cu and Hf are also shown. Dy is not shown because the charge density is less than 0.0001 C/cm
2
. 
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3.5.6  Preferential Hf Dissolution in a Potential Regime dominated by Hf Dissolution 

Potentiostatic polarization was performed, Figure 3.18, at a potential below the 

Cu OCP where preferential Hf dissolution is expected. As expected, the electrochemical 

current density on high purity Cu remains cathodic, while Hf has a high anodic current 

density, approximately 0.01 A/cm
2
, indicative of Hf dissolution. The amorphous 

Cu75Hf20Dy05 remains cathodic for the initial 1800 s before sharp peaks of anodic current 

density persist until the end of the experiment at 5400 s. In contrast, the crystalline 

Cu75Hf20Dy05 has a brief period of initially anodic current and then remains cathodic. The 

total anodic charge sustained during the brief anodic current in the crystalline state is 3.3 

mC/cm
2
 while the total anodic current in the amorphous state is 2.15 C/cm

2
. These results 

indicate that the crystalline structure is less susceptible to Hf dissolution than the 

amorphous structure. The contrast between the amorphous and crystalline structures is 

further explored by XRD and SEM characterization as a function of exposure time. 

For both amorphous and crystalline Cu75Hf20Dy05, a series of potentiostatic 

polarization experiments were performed with durations ranging from 3600 s to 20 ks to 

achieve statistically significant observations regarding the i vs. time behavior and to 

perform ex-situ post corrosion characterization. Representative i vs. time behavior for the 

amorphous and crystalline specimens is shown in Figure 3.19. Figure 3.20 shows the i vs. 

time behavior of the amorphous and crystalline Cu75Hf20Dy05 conditions. The first 7200s 

of exposure duration is shown for each independent experiment, replicate experiments are 

labeled by test number. In Figure 3.21, the i vs. time behavior for the entire experimental 

duration, up to 20 ks, is shown. During the first 7200 s of exposure, the crystalline 
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specimens typically have a very high initial current density which rapidly decays over the 

first 100 s and becomes cathodic. Over the exposure time, the net current then increases 

over time first becoming less cathodic then increasingly anodic. This increase in current 

density is due to increasing Hf dissolution. Additionally, there are characteristic events 

where the current density rapidly decreases to or towards cathodic currents and stabilizes. 

Also seen in some crystalline specimens are large current density transients followed by 

periods of lower current density. For the amorphous state, the initial current density spike 

decays similarly to the crystalline condition although fewer specimens transition from 

anodic to cathodic currents. Following the initial potential drop, the current density very 

quickly rises to high anodic currents, average of 1 mA/cm
2
 at 3600 s and 2 mA/cm

2
 at 

7200 s. These values are significantly higher than those observed in the crystalline 

specimens which have an average current density of less than 0.5 mA/cm
2

 and less than 1 

A/cm
2
 at 3600 s and 7200 s, respectively.  

The amorphous state does not show the reductions in current density seen in the 

crystalline state. Instead the amorphous specimens follow a general trend to higher 

current densities were seen with time. The average charge density of all of the replicates 

is plotted in Figure 3.22. At 3600 s the total accumulated charge in the crystalline 

condition is 0.07 C/cm
2
 which is significantly lower than that for the amorphous 

condition, 0.357 C/cm
2
. The charge corresponds to an average of approximately 500 

monolayers of preferential Hf dissolution for the crystalline case. In contrast 3,000 

monolayers dissolved for the amorphous case. At 7200 s, the total charge difference 
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between the amorphous and crystalline states increases to 0.7 C/cm
2
. The data from each 

separate potentiostatic polarization is summarized in Table 3.2.  

XRD spectra are shown as a function of increasing charge, with HF solution 

exposure times listed, for the amorphous, and crystalline, specimens (Figure 3.23 and 

Figure 3.24). Both alloys undergo surface layer recrystallization to FCC Cu as the surface 

layer dealloys. The amorphous alloy, with its overall significantly higher i vs. time 

behavior, undergoes surface reorganization to FCC Cu at 7.6 ks of polarization and 1.15 

C/cm
2
 of accumulated charge. Initially, both the broad amorphous peak and the FCC Cu 

peaks are detected. At higher accumulated charge, the Cu peaks become better defined. 

For the crystalline case, surface reorganization is not indicated by the XRD spectra at 

polarization times less than the 20 ks during which 3.05 C/cm
2
 (calculated 

approximations: 24 k monolayers, 7 µm) of charge accumulated. Both the characteristic 

Cu51Hf14 and the FCC Cu patterns are detected. At an intermediate charge accumulation 

of 0.461 C/cm
2
 (4 k monolayers, 1.2 µm) the Cu FCC peaks are not yet apparent. 

SEM microscopy was used to determine the surface morphology after exposure. 

Figure 3.25 shows the surface morphology of the amorphous specimen after the 20 ks 

potentiostatic polarization with 6.5 C/cm
2
 of total anodic charge. The surface morphology 

indicates a uniform distribution of pores with an approximate 10 nm diameter and 

nodules. In contrast, the surface morphology of the crystalline specimen, Figure 3.26, 

does not show the same uniform porous structure seen in the amorphous samples. The 

pores are smaller than those observed in the amorphous samples. The through thickness 

morphology, Figure 3.27 and Figure 3.28, was analyzed using ribbon cross sections. 
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These figures show the growth of the dealloyed region as a function of increasing charge 

at the exposure duration and charge accumulation of the XRD spectra (a, b and c for 

crystalline Cu75Hf20Dy05 and d, e and f for amorphous Cu75Hf20Dy05). The higher 

resolution cross-section morphology of crystalline specimen c (Figure 3.27) and 

amorphous specimen f (Figure 3.28) show increased surface roughness in the crystalline 

state.  

The dealloyed layer thickness, measured by these SEM micrographs, is plotted as 

a function of charge in Figure 3.29. The plot shows the average dealloyed layer thickness 

as the sum of the dealloyed thickness for both directions of exposure. At shorter exposure 

times the amorphous alloy has a significantly larger dealloyed layer. Both the crystalline 

and amorphous specimens dealloyed layer thickness as a function of charge fall on the 

same linear fitted line with a slope of 2.04 µm / (C/cm
2
). From Faraday’s Law, the charge 

is linearly proportional to the dealloying thickness. The dealloyed layer thickness 

approximation (shown in Table 3.2) assumed all of the charge resulted in Hf dissolution 

to Hf
4+

. The calculated value of the dealloyed layer the thickness for the amorphous case 

with 6.49 C/cm
2
 of anodic charge, point f, is 15.2 µm. The experimentally measured 

value is 13.6 µm. For the crystalline specimen, c, the calculated dealloying thickness was 

7.1 µm and the experimentally determined thickness was 6.8 µm. In both cases there is 

reasonable agreement. Since both the amorphous and crystalline specimens fall on the 

same linear line, the charge efficiency, or charge required to dissolve an Hf atom, is the 

same. The key difference between the amorphous and crystalline alloys is that the 
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amorphous alloy undergoes preferential dissolution much more quickly than the 

crystalline alloy and, thus, these thicknesses occur after different exposure periods 

Semi-quantitative EDS analysis showed preferential dissolution of Hf within the 

dealloyed region and enrichment of both Cu and Dy. Line scans across the two dealloyed 

region cross sections of amorphous specimen f (6.05 C/cm
2
) are shown in Figure 3.30. 

The measured Hf concentration, measured values in at%, were less than 5 % across the 

dealloyed region while the Cu and Dy concentration were enriched to 85-90 % and 10-12 

%, respectively. Using the EDS spectrum generated by the parent amorphous matrix 

(middle region) the composition was determined to be Cu 73 %, Hf 21 % and Dy 6%, 

which is close to the nominal composition of Cu75Hf20Dy05. The measured concentrations 

across the dealloyed region were fairly uniform and there were no substantial through 

thickness concentration gradients. Similar behavior was seen in the crystalline specimens. 

The EDS results show that preferential dissolution of Hf occurred during the 

potentiostatic exposure in HF solution within the dealloyed region while the parent 

matrix retained the nominal alloy concentration for both the amorphous and crystalline 

conditions. There was not, however, a statistically significant difference between the 

measured compositions in the fully dealloyed regions of the amorphous and crystalline 

states. 
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Table 3.2. Calculated charge density of amorphous and crystalline Cu75Hf20Dy05 in 0.1 M HF solution under potentiostatic 

polarization at -150 mVSCE for at least 6 replicate tests in each condition. The total anodic charge density has been used to calculate 

the approximate number of monolayers that has undergone preferential Hf dissolution and the dealloying penetration. 
 

Cu75Hf20Dy05 

Specimen 

Exposure 

Time (s) 

Total Charge 

(C/cm
2
) 

Tot. Anodic 

Ch. 3600 s 

(C/cm
2
) 

Tot. Anodic 

Ch. 7200 s 

(C/cm
2
) 

Tot. Anodic 

Ch. 

(C/cm
2
) 

Monolayers 

Removed 

Depth of 

Penetration 

(µm) 

Test 

Number 

Amorphous 9380 0.23 0.30 1.214 1.67 13 k 3.9 1 

Amorphous 9600 0.66 0.30 0.692 0.96 7.5 k 2.3 2 

Amorphous 7700 0.98 0.29 1.053 1.16 9.0 k 2.7 3 

Amorphous 8800 2.30 0.69 1.764 2.30 17.9 k 5.4 4 

Amorphous 20000 6.47 0.29 .846 6.49 50.7 k 15.2 5 

Amorphous 15200 3.20 0.32 1.038 3.20 25.0 k 7.5 6 

Average   0.357 1.101     
         

Crystalline 4200 -0.05 0.007 - 0.01 55 0.02 1 

Crystalline 7300 0.48 0.12 0.49 0.50 11.6 k 1.2 2 

Crystalline 9600 0.09 0.004 0.05 0.13 1.0 k 0.3 3 

Crystalline 7300 0.38 0.09 0.39 0.40 3.1 k 0.9 4 

Crystalline 6200 -0.06 0.001 - 0.003 70 0.01 5 

Crystalline 3700 0.23 0.23 - 0.23 5.4 k 0.5 6 

Crystalline 20000 0.75 0.05 0.10 0.76 17.8 k 1.8 7 

Crystalline 20000 3.03 0.08 0.45 3.05 71.5 k 7.1 8 

Average   0.071 0.295     
 

 



103 

 

 

 

0 1800 3600 5400

0.0

5.0x10
-4

1.0x10
-3

8x10
-3

10
-2

 

 

i 
(A

/c
m

2
)

t (s)

 Cu

 Hf

 Dy

 Cu
75

Hf
20

Dy
05

 - Amorphous

 Cu
75

Hf
20

Dy
05

 - Crystalline

 
Figure 3.18. Anodic current density vs. time behavior of amorphous and crystalline 

Cu75Hf20Dy05 alloys and the high purity polycrystalline alloying elements subjected to 

potentiostatic polarization at -150 mVSCE in aerated 0.1 M HF solution. 
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Figure 3.19. Anodic current density vs. time behavior measurements of analogous large 

ribbon samples large ribbon (surface area approximately 0.1-0.25 cm
2
) specimens of 

amorphous and crystalline Cu75Hf20Dy05 alloys subjected to potentiostatic polarization at 

-150 mVSCE in aerated 0.1 M HF solution. 
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Figure 3.20. Anodic current density vs. time behavior measurements of amorphous and 

crystalline Cu75Hf20Dy05 alloy specimens subjected to potentiostatic polarization at -150 

mVSCE in aerated 0.1 M HF solution. The initial 7200 seconds are shown. Numbers 

identify exposure repetition. 
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Figure 3.21. Anodic current density vs. time behavior measurements of amorphous and 

crystalline Cu75Hf20Dy05 alloy specimens subjected to potentiostatic polarization at -150 

mVSCE in aerated 0.1 M HF solution for up to 20,000 seconds. Numbers identify 

exposure repetition. 
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Figure 3.22. Total accumulated anodic charge density of amorphous and crystalline 

Cu75Hf20Dy05 during potentiostatic polarization at -150 mVSCE in 0.1 M HF solution. 

Error bars represent 1 standard deviation. 
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Figure 3.23. XRD spectra of the amorphous Cu75Hf20Dy05 after potentiostatic polarization 

at -150 mVSCE in 0.1 M HF solution. Spectra are shown with increasing total anodic 

charge. The peaks for polycrystalline Cu are shifted + 0.2° are labeled. 
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Figure 3.24. XRD spectra of the crystalline Cu75Hf20Dy05 after potentiostatic polarization 

at -150 mVSCE in 0.1 M HF solution shown in Figure 3.21. Spectra organized by the total 

anodic charge and time of exposure. The peaks for polycrystalline Cu (no shift) are also 

labeled. 
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Figure 3.25. SEM micrograph of the post exposure surface of the amorphous 

Cu75Hf20Dy05 specimen with 6.47 C/cm
2
 of total accumulated charge during 

potentiostatic polarization at -150 mVSCE in 0.1 M HF solution for 20 ks. 

 
Figure 3.26. SEM micrograph of the post exposure surface of the crystalline 

Cu75Hf20Dy05 specimen with 3.05 C/cm
2
 of total accumulated charge during potentiostatic 

polarization at -150 mVSCE in 0.1 M HF solution for 20 ks. 
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Figure 3.27. SEM micrographs of the crystalline Cu75Hf20Dy05 dealloyed specimen cross 

section potentiostatically polarized at -0.15 VSCE in 0.1 M HF solution. Duration and total 

accumulated charge was 4.2 ks - 0.007 C/cm
2
 (a), 7.2 ks - 0.461 C/cm

2
 (b), and 20 ks - 

3.05 C/cm
2
 (c). 
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Figure 3.28. SEM micrographs of the amorphous Cu75Hf20Dy05 dealloyed specimen cross 

section potentiostatically polarized at -0.15 VSCE in 0.1 M HF solution. Duration and total 

accumulated charge was 7.2 ks – 1.15 C/cm
2
 (d), 8.8 ks – 2.29 C/cm

2
 (e), and 20 ks – 

6.47 C/cm
2
 (f). 

 

  



111 

 

 

 

 
Figure 3.29. Dealloyed layer thickness as a function of the total anodic charge 

accumulated during potentiostatic polarization at -0.15 VSCE in 0.1 M HF solution for 

amorphous (Figure 3.23) and crystalline (Figure 3.24) Cu75Hf20Dy05. The dealloyed layer 

thickness is measured by ex-situ cross section SEM images of the dealloyed layer. 

Average dealloyed layer thickness is marked while error bars indicate the min and max 

measured values. The linear fit of the data has a slope of 2.04 µm / (C/cm
2
) and a 

correlation coefficient of 0.9946. 
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Figure 3.30. EDS line profiles through the two dealloyed regions of the amorphous 

Cu75Hf20Dy05 ribbon potentiostatically polarized at -0.15 VSCE in 0.1 M HF solution 

(point f – 6.05 C/cm
2
, 20ks). The indicated direction, left to right, on the SEM 

micrographs is followed in the EDS composition plots. Dashed lines indicate the 

composition of the parent ribbon established by area scans on the cross section of the 

middle region: Cu 73.4 at%, Hf 20.7 at %, and Dy 6.0 at %. EDS spectra of dealloyed 

regions of crystalline specimen c, not shown here, indicate enriched concentrations of Cu 

and Dy at 81.1 and 7.6 at%, respectively, while the Hf concentration is 0.7 at%. 
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3.6  Discussion 

Amorphous Cu75Hf20Dy05 was produced by melt spinning as verified by both 

XRD and TEM diffraction. The amorphous melt spun ribbon was shown to devitrify to a 

single crystalline phase of structure type Cu51Hf14. The two Cu75Hf20Dy05 alloy 

conditions, amorphous and crystalline, were then compared using a variety of 

electrochemical techniques to explore the effect of the structure change, from disordered 

amorphous to ordered crystalline, on the corrosion properties in HF solution in a situation 

where neither material was passive. 

The cyclic polarization behavior indicates and the potentiostatic polarization 

results further substantiate that Hf undergoes preferential dissolution from the 

Cu75Hf20Dy05 matrix at potentials below the Cu OCP. Dy is fully passive over the 

measured potentials and is thermodynamically likely to form a DyF3 species at a slightly 

less acidic pH than in the bulk 0.1 M HF solution. Post corrosion SEM analysis by EDS 

found surface particles consisting of Dy and F. The cyclic polarization of Cu in 1 M HF 

solution, Figure 3.6, shows limited Cu passivation brought about by a salt film at anodic 

potentials. Similar behavior is seen in amorphous and crystalline Cu75Hf20Dy05 although 

at a suppressed potential.  

The limiting current density of Hf dissolution determined the polarization scans is 

much lower than its mass transport limited current density. In 0.1 M HF solution, the 

limited current density is 0.01 A/cm
2
 while in 1 M HF solution it is higher at 0.1 A/cm

2 

and is considerably less stable undergoing current density transients. The current 

instability gives evidence for a current that is limited by a dissolving film, likely HfF4, 
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instead of more typical mass transport limiting current density. In the 1 M HF solution 

the concentration of HF species in solution is a factor of 5 times higher than in 0.1 M HF 

solution. According to the HF oxidation reaction shown in Equation 3.1, an increase in 

HF concentration increases the concentration of molecular HF in solution and would 

increase the rate of the reaction. One plausible corrosion mechanism limiting the Hf 

dissolution rate would be the Hf oxidizing to the HfF4 phase which likely has only 

limited solubility. The dissolution of this film is then the rate limiting mechanism. 

Optical micrographs after the cyclic polarization measurements of the high purity 

polycrystalline Hf specimen, not shown here, support this view and show evidence of a 

pitting-like corrosion mechanism. 

3.6.1  Behavior During Preferential Hf dissolution 

At potentials below the Cu OCP, The total current can be broken down into the 

negative cathodic HER on Cu and the two positive oxidation reactions: Hf dissolution 

and Dy passivation. As the cathodic current density increases, the surface becomes 

enriched in Cu. Thus the surface layer has a higher proportion of Cu atoms increasing the 

number of available Cu cathodic reaction sites. The oxidation reactions would then occur 

over less surface area and the overall reaction becomes more cathodic. The increased 

cathodic current densities were seen in the cyclic voltammetry experiments below the Cu 

oxidation potential (Figure 3.8). 

In the case of the cyclic voltammetry experiments below the Cu OCP, 

summarized in Figure 3.9, the current density for both amorphous and crystalline 

Cu75Hf20Dy05 becomes increasingly cathodic, dominated by HER on Cu [30], as the 
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cycles increase indicating Hf dissolution and Cu enrichment. The increase in cathodic 

current densities exhibited by the amorphous structure indicates more complete Cu 

enrichment in the surface compared to the crystalline structure. The difference in the 

steady current density values, reached between cycle 15 and 20, likely arises due to more 

complete dissolution of the surface layer in the amorphous structure; whereas for the 

crystalline structure if the Hf dissolution is significantly slower, the Hf anodic reaction 

can still occur leading to the less cathodic current density. During the OCP hold prior to 

polarization in 0.1 M and 0 1 M HF solution, there were stronger spikes to more negative 

potentials in the amorphous specimen in 0.1 M HF solution. In the higher concentration 

HF solution the more pronounced negative potential spikes occurred in both the 

amorphous and crystalline state. 

Similar behavior was seen in the potentiostatic polarization experiments at -150 

mVSCE. In Figure 3.18, the amorphous and crystalline states are initially cathodic over the 

first 2000 s with the amorphous specimen having a higher cathodic current density. After 

the initial period of cathodic current density, the amorphous alloy undergoes large 

transient current spikes to anodic current densities. These current spikes are most likely 

due to sustained Hf dissolution from the matrix. In the larger exposure area experiments, 

a cathodic current region was observed for both amorphous and crystalline states, Figure 

3.19. In the case of the amorphous states, the current density very rapidly increased to 

anodic currents, while for the crystalline specimens the cathodic current region had 

longer duration and the anodic current rise was slower. The total anodic accumulated 
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charge was substantially less for the crystalline state than for the amorphous state, shown 

at 3600 s and 7200 s in Figure 3.22. 

SEM micrographs show no coarsening of the pores as exposure time, and charge, 

increases in the amorphous state. In the crystalline condition, at much slower comparative 

time scales, a porous structure is also formed. The surface, in the crystalline state (Figure 

3.26), is significantly less uniform and shows smaller pore size. The post exposure XRD 

spectra show that structural reorganization occurs in both amorphous and crystalline 

Cu75Hf20Dy05. It takes the crystalline state significantly longer duration exposures to 

significantly selectively dissolve Hf enough to enable structural reorganization to FCC 

Cu than for the amorphous state. 

Analysis of the dealloyed cross sections confirmed that the dealloyed layer 

thickness was proportional to the measured charge during the potentiostatic polarization 

experiments. Both the amorphous and crystalline states have the same charge efficiency, 

2.04 µm of Hf dealloyed by 1 C/cm
2
. The dealloyed layer thickness is reasonably well 

predicted by calculations using Faraday’s Law, shown in Table 3.2, which assumes 4 

electron oxidation of Hf and uses basic assumptions about the density. As was indicated 

by the charge calculations from the exposure experiment and the XRD spectra, the 

dealloyed layer growth was substantially slower for the amorphous solid solution alloy 

than the crystalline alloy. Figure 3.25 and 3.26 confirmed that through thickness porosity 

was present in the dealloyed layer for both the amorphous and crystalline structures. The 

cross section morphology of the dealloyed layers indicates that a less uniform porous 

structure forms in the crystalline specimen than in the amorphous specimens. 
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3.6.2  Dealloying Mechanism: The Role of Surface Diffusion 

Dealloying to form nanoporous structures is typically controlled by diffusion 

processes. In a binary solution of more noble, MN, and less noble, LN, atoms, as the 

surface LN atoms dissolve the surface reorganizes via surface diffusion to islands of the 

equilibrium MN structure [31]. Meanwhile bulk diffusion of LN atoms from the matrix to 

the dealloyed layer interface also occurs. Typically, under STP conditions, dealloying is 

controlled by the rate of surface diffusion of the MN atoms during island formation as 

bulk diffusion is typically much too slow to be a dominant factor [32]. The influence of 

minor alloying elements on the surface diffusion has been shown to have a measurable 

effect on the porosity formation during dealloying [21]. 

In the Cu75Hf20Dy05-HF solution system, Hf is preferentially dissolved. As 

dissolution of the LN Hf atoms occurs, the MN Cu atoms reorganize to the equilibrium 

FCC structure (Figure 3.23-3.24). It is likely under these conditions that bulk diffusion is 

not a significant factor. Indeed, EDS spectra of the dealloyed layer cross sections did not 

indicate a gradient in species concentration (Figure 3.30). As the surface reorganizes to 

FCC Cu, porosity develops in the dealloyed layer alloying solution penetration through 

the dealloyed layer thickness to the dealloyed layer-matrix interface. It is likely that this 

process is controlled by the surface diffusion of the Cu atoms and the mechanistic 

reasoning underlying the behavior of the crystalline structure compared to the amorphous 

solid solution structure lies in the difference between the surface diffusion rates of the 

two alloys. The resulting morphology indicates that the pore size is larger and more 
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uniformly distributed in the case of the amorphous solid solution initial structure and that 

the dealloying process occurs more quickly. 

The preferential dissolution can be divided into two stages: initial dealloying, 

surface reorganization of the MN atoms to form FCC Cu and propagation of the 

dealloying front through the thickness of the parent ribbon. In each stage, the effect of the 

structural difference between the amorphous solid solution alloy and the crystalline alloy 

will be discussed. 

Dissolution of an atom from a surface involves the cleaving of bonds, which in 

this case is the removal of the Hf atoms from its neighboring atoms. In an amorphous 

structure there exists a distribution of nearest neighbor atoms and a corresponding 

distribution of binding energies of Hf atoms, while in a crystalline structure there is a 

periodic arrangement of atoms leading to discrete binding energies of Hf atoms. In Figure 

3.31, discrete activation energy for surface mobility from kinks and terraces compared to 

a continuum of activation energy is illustrated. It is likely that regions in the amorphous 

alloy have Hf atoms that are more weakly bonded than the weakest bond in the 

crystalline structure. These regions would include a higher density of weaker bonds, e.g., 

Hf atoms with numerous nearest neighbor Hf atoms, would be more likely to dissolve, 

while a reduced density of stronger bonds such as atoms surrounded mostly by Cu and 

Dy. would be less likely to dissolve under these electrochemical conditions. In an 

amorphous disordered solid solution, the bond types and the associated energies for each 

Hf atom will be less uniform than a crystalline alloy with the same composition. 
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Therefore, there should be local regions where dissolution of Hf should be increased in 

the amorphous alloy compared to the crystalline structure. 

As the Hf atoms dissolve from the matrix, Cu and Dy are enriched and the Cu 

atoms reorganize into FCC Cu and the volume reduction leads to porosity. The formation 

of the MN Cu equilibrium structure requires surface diffusion of the Cu atoms. It is 

reasonable to conclude that the surface diffusion is faster on the amorphous matrix than 

the crystalline matrix. Several experimental observations substantiate this claim. The 

regular spacing of larger pores developed in the amorphous solid solution alloy during 

dealloying indicates that an equilibrium distribution is more easily achieved in the 

amorphous structure compared to the crystalline structure. The larger pore size enhances 

the solution penetration through the porosity further increasing the dissolution rate of Hf 

from the matrix. However, there is no evidence of the pore size increasing during the 

exposure time in the crystalline alloy which should happen if a uniform distribution of 

larger pores is a low energy state (Figure 3.27). Thus, some feature of the crystalline 

structure is impeding the surface diffusion of Cu atoms. Likely the effect of the more 

regular spacing of the Dy atoms in the crystalline structure (substituted on Hf lattice sites 

in the Cu51Hf14 structure) leads to impediments to surface diffusion of Cu. There is no Dy 

solubility in Cu [32], however there is no indication of secondary phases in the XRD, 

although that is not necessarily expected even with enriched Dy to 5-10 at% in the 

dealloyed region due to the large x-ray penetration depth. 

Surface diffusion of adatoms on amorphous alloys has not been studied in any 

detail except on amorphous silicon due to its use in microelectronic and catalytic 
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functions [33, 34]. Surface defects on crystalline surface have characteristic activation 

energy for surface diffusion such as steps, kinks or islands [35]. The surface diffusion of 

Si was analyzed theoretically by assuming various effective activation barriers with 

distance resulting in increased short range surface diffusion [36]. A continuum activation 

energy model was also used to describe the formation of mobile species (Figure 3.31) 

calculations where made that show a 2 order magnitude decrease in the surface mass self-

diffusion pre-factor and an activation energy approximately in line with the lower bound 

expected mass transfer the highest measured for crystalline silicon [33]. More recent 

work used simulations to determine the underlying diffusion mechanism in amorphous Si 

consisting of many atoms diffusing a comparatively short distance, 2-3 pm, at shorter 

time scales compared at short time scales compared to crystalline diffusion [37]. The 

amorphous Si, despite being covalently bonded, provides a compelling argument that 

amorphous surface diffusion is fundamentally different than on crystalline surfaces. In 

the present context, surface diffusion consisting of large numbers of MN atoms moving 

short distances could expedite dissolution of the LN Hf atoms by decreasing the bond 

strength of Hf atoms leading to increased dissolution rates in the case of the amorphous 

solid solution dissolution structure. 

An alternative interpretation is that the periodic atomic structure in crystalline 

alloys is inherently less susceptible to Hf dissolution than the amorphous alloy due to its 

periodic arrangement of MN atoms that inhibit dissolution. If that were true, the EDS 

analysis of the dealloyed crystalline alloy would indicate increased Hf (relative to the 

amorphous dealloyed region.) It is more likely this effect plays a role in the initial 



121 

 

 

 

dissolution of the alloy, but surface diffusion of the Cu atoms is the dominant effect at 

longer times. 

 

 
Figure 3.31. Distribution functions for mobile atom formation enthalpies on crystalline 

and amorphous materials under a given driving force (T, or in this case applied potential). 

Adapted from [34], with permission from Elsevier BV. 
 

3.6.3  Behavior during Cu and Hf dissolution 

Polarizing at potentials above the Cu OCP leads to both Hf and Cu dissolution 

and interesting comparative behavior in amorphous and crystalline Cu75Hf20Dy05. In this 

potential range both Cu and Hf dissolution is observed, but the Cu dissolution rate is 

substantially higher than Hf dissolution. Dy over this potential range is a beneficial 

passivating alloying addition. Both the amorphous and crystalline specimens in the cyclic 

polarization measurements show an active nose followed by film formation and transient 

events at higher potentials. The behavior of the amorphous and crystalline specimens was 

further elucidated using rapid cyclic voltammetry across the Cu dissolution potential. The 

fast scan rate allows for characterization of the evolution of the surface during the initial 

stages of Cu dissolution and the overall charge behavior as cycle number increases. 
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During the first 4 cycles, Figure 3.11, at potentials around 200 mVSCE, the 

amorphous and crystalline specimens both show an active current nose before the current 

density decreases to lower, but still active currents. The amorphous specimen has more 

numerous and larger, in terms of charge, transient current spikes after the current nose 

than the crystalline alloy. Also, more generally, the current density is higher for the 

amorphous specimen than the crystalline sample for each comparative cycle. Subsequent 

cycles lack the current density transients present in the initial cycles, but continue to 

show key differences between the behavior of the amorphous and crystalline states. The 

integrated charge per cycle, Figure 3.17, shows the amorphous solid solution alloy 

continuing to have higher current density per cycle than the crystalline alloy. During the 

first 10 cycles, dissolution in the amorphous alloy occurs at rates at or above the 

dissolution current density of high purity Cu. Over the same time frame, dissolution in 

the crystalline alloy decays to very low current densities. Interestingly, for both 

amorphous and crystalline alloys the anodic charge decays to values below the Hf 

dissolution current density. 

The current density transients in the amorphous alloy correspond to surface 

dissolution of about 6-12 monolayers assuming the dissolution were over the entire 

surface. It is more likely smaller regions experienced a spike in dissolution current 

density resulting in dissolution locally in excess of the 12 monolayers. As was discussed 

for the case of the preferential dissolution of Hf atoms from the matrix, dissolution of 

regions of Cu lacking passivating Dy or Hf atoms which serve as dissolution rate 

moderators due to its slower dissolution rate would result in spikes of current as these 
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regions are revealed during dissolution. In the crystalline alloy, the beneficial elements 

are periodically distributed and the solute lean regions do not exist. The fact that the 

overall current density was lower for the crystalline structure compared to the amorphous 

solid solution alloy can be explained by similar arguments. 

3.7  Conclusions 

For both amorphous and crystalline Cu75Hf20Dy05 corroded in HF solution, Hf 

preferentially dissolves in polarization conditions below the Cu oxidation potential, and 

the dealloyed region reorganizes to form FCC Cu. This process occurs much more slowly 

and the pores are less uniform with a smaller diameter in the case of the crystalline 

structure. The increase in dealloying rate in the amorphous state suggests that dissolution 

of Hf occurs more easily from the amorphous solid solution alloy. An increase in surface 

diffusion rate of Cu on the amorphous solid solution alloy is likely due to the lower 

activation energy barrier for surface diffusion due to the amorphous structure. This 

results in the increased rate of dissolution by increasing solution penetration via channels 

and subsequent weakening of the atomic bonding of the Hf atoms at the dissolution front. 

At higher potentials, Cu also dissolves from the matrix. In this case, the amorphous 

alloy sustained higher current density distributions and an increase in current density 

transients. These results indicate that the crystalline structure slows the dissolution rate of 

Cu from the matrix. Possible mechanistic causes of this behavior include regular spacing 

of beneficial solute elements that moderate dissolution, Hf, or are passivating, Dy.  
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4    The Role of Composition and Structure during Dissolution and 

Passivity/Breakdown in Fe1-xPdx alloys 

4.1  Abstract  

This chapter includes a brief introduction to the Fe-Pd binary alloy system. The 

basic electrochemical thermodynamics of the Fe-Pd-H2O system is presented including 

the effects of H2O-Cl
-
 environment. In particular, Fe50Pd50 can form ordered and 

disordered crystalline structures without compositional difference between the phases. 

The specific metallurgical and electrochemical properties of the Fe-Pd alloy system 

makes it an ideal model alloy system to study the effect of structure on active corrosion 

dissolution. This chapter surveys the electrochemical behavior of alloyed Fe and Pd at 

three different compositions in order to better focus the study of the equiatomic Fe50Pd50 

in Chapters 5 and 6. 

The effect of Pd alloying is investigated using a series of Fe1-xPdx: x=30, 35, and 

50 at% alloys. These results will also be discussed in relation to the structural and 

compositional change in alloys. A survey of electrochemical behavior was conducted in 

neutral, alkaline and acidic Cl
-
 containing environments. The effect of Pd as a beneficial 

solute in terms of immunity as well as increased passivity, localized corrosion resistance, 

and resistance to dealloying will be discussed. A comparison of the breakdown potentials 

shows no clear correlation to the change in structure. Dealloying Fe70Pd30 occurs in acidic 

HCl solution, but bulk preferential dissolution of Fe was not observed in either of the 

higher Pd content alloys. Conditions are identified for the study of Fe50Pd50 in two 

structural states of the same composition where structure dependent corrosion behavior is 

observed.  
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4.2  Introduction 

Fe-Pd alloys exhibit fundamentally interesting magnetic behavior. Martensitic 

twins at low Pd alloying contents are highly dependent on the applied magnetic field 

leading to controlled shape memory behavior [1]. At higher Pd concentrations, the 

ferromagnetic L10 phase has high magnetocrystalline anisotropy [2]. Fe-Pd alloys also 

show high biocompatibility and low corrosion rates in biological applications. 

Engineering material applications of these alloys make use of the biocompatibility, 

corrosion and magnetic properties. A shape memory alloy, Fe70Pd30, has been studied for 

use in dentistry, specifically orthodontic wire where both the shape memory properties 

and an increase in biocompatibility are sought [3]. Fe-Pd films have been shown to 

increase the biocompatibility of 316L implants through reduced corrosion and a lack of 

toxicity [4]. In biological implantations the Fe70Pd30 alloy causes less tissue swelling than 

more typical Ni-Ti shape memory alloys. In contrast, Ni is generally regarded as a toxic 

biomaterial with harmful systemic effects [5, 6]. 

The Fe-Pd system provides a model alloy system to study the effect on corrosion 

properties of 

a) Composition in terms of Pd alloying, 

b) The influence of structure in phases of the same composition where the effect 

of structure can be isolated from that of composition. 

A wide range of compositions can all form a disordered cubic structure γ-phase. The 

Fe50Pd50 composition can form both the disordered cubic structure and an ordered 



129 

 

 

 

tetragonal structure at room temperature. At low amounts of Pd alloying bcc, bct and fct 

martensite can be formed.  

In this chapter, the metallurgical and electrochemical properties of the Fe-Pd 

binary system will be introduced. The effect of Pd alloying , at concentrations of 30, 35 

and 50 at% Pd, on electrochemical corrosion properties will be discussed. The 

concomitant structural change will also be investigated; Fe70Pd30 has a martensitic bct 

structure, while Fe65Pd35 and Fe50Pd50 both have a disordered fcc structure. The role of 

structural change without compositional variation between structural states in Fe50Pd50 

will be introduced and discussed in detail in Chapters 5 and 6. 

4.2.1  FexPd1-x Alloy Production and Synthesis 

The Fe-Pd binary phase diagram is shown in Figure 4.1. The high temperature γ-

phase is a disordered fcc solid solution. The γ-phase has space group Fm-3m and lattice 

parameter a=0.3804 nm [7]. Each lattice has site occupancy factors (SOF) equivalent to 

the atomic ratio, 0.5:0.5 for Fe50Pd50 and 0.65:0.35 for Fe65Pd35. The L10 phase has an 

ordered pT structure.  

The order-disorder transformation in Fe50Pd50 is a first order transformation that 

proceeds by a nucleation and growth mechanism [8]. The γ to L10 phase transformation 

involves a lattice expansion in the a and b direction and slight contraction in the c 

direction as the Pd atoms occupy the c = ½ lattice positions. The L10 lattice constants are 

a=0.852 nm and c=0.3723 nm. The lattice strain that accompanies this transformation 

gives rise to a polytwinned microstructure [9]. The two equiatomic phases will be 

discussed in more detail in Chapter 5. Both phases are readily produced through water 
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quenching, at the temperatures indicated by the solid circles in Figure 4.1. To achieve an 

equilibrium disordered γ-phase, Fe50Pd50 is heat treated above the 2-phase field of γ and 

L10 then water quenched to prevent crystallization to the lower temperature phases, α and 

L10. Similarly, annealing at the eutectoid temperature in the single phase L10 region 

followed by quenching produces a fully ordered Fe50Pd50. Quenching Fe65Pd35 (solid 

square, Figure 4.1) retains the γ-phase structure, while quenching The Fe70Pd30 (solid 

square, Figure 4.1) leads to a phase transformation to form a martensitic phase. The 

structures are summarized in Table 4.1. 

The phase transformation of Fe-Pd binary alloys with Pd concentrations between 

23 and 33% have been of particular interest due to the martensitic phase formation from 

the austenitic parent phase [10]. Martensitic phases maintain the composition of the 

parent phase and for this composition is disordered. The transformation is diffusionless 

and instead involves cooperative short range atom motion to accommodate an invariant 

plane strain [11]. Martensitic phases are metastable non-equilibrium phases and have 

higher energy than the corresponding equilibrium phase. Additionally, twin boundaries 

are often high strain energy boundaries which lead to preferential etching commonly seen 

in martensitic alloys. 
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Figure 4.1. Fe-Pd binary phase diagram. The solid line indicates the equiatomic Fe50Pd50 

composition and the marked solid circles indicate, at 898 K (625 °C), the ordered L10 

structure and the high temperature austenite, γ, disordered fcc phase. Earlier versions of 

the phase diagram show a slight variation in the eutectoid temperature at 878 K (605 °C) 

[12]. The dashed lines indicate the Fe70Pd30 and Fe65Pd35 compositions. The solid squares 

indicate the annealing temperature for the disordered fcc phase (Fe65Pd35) and the bct 

martensite (Fe70Pd30). 
 

Martensitic transformations in this composition range were studied on thin films 

in a series of work by Oshima et. al. [10, 13-15]. Oshima and coworkers found that at Pd 

concentrations less than about 32% martensitic transformations take place from the 
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austenitic γ-phase: At concentrations less than 27%, the γ-phase undergoes a martensitic 

transformation to bcc martensitic, between 27% and 30% there is a 2 step martensitic 

transformation first to the fct martensite then the bct martensite, and at concentrations 

between 30 and 32% the fcc phase transforms to a martensitic fct phase [14]. The lattice 

parameters for the bct phase were determined to be 0.296 and 0.300 nm for a and c, 

respectively [14]. The microstructure of the fct phase showed ‘cleanly’ twinned grains 

while the bct phase showed a mix of the ‘cleanly’ twinned and vertical and horizontal 

lath regions. The bcc martensite microstructure shows only the latter microstructure. The 

Fe70Pd30 (solid square) γ-phase undergoes a martensitic phase transformation to a bct 

martensite, but there is some ambiguity in what type of martensite is formed. 

Table 4.1. Phase, composition and structure for Fe1-xPdx alloys. 

Phase Composition Structure 
Lattice Parameter 

(nm) 

Density 

(g/cm
3
) 

martensite Fe70Pd30 bcc  a=0.296, c=0.300 8.912 

γ-phase  Fe65Pd35 fcc a=0.380 8.874 

γ-phase  Fe50Pd50 fcc a=0.380 9.790 

L10 Fe50Pd50 pT a=0.852, c=0.372 9.755 
 

4.3  Electrochemical Characteristics of the Fe/Pd - H2O system and the Effect of Cl
-
 

A Fe50Pd50 alloy combines two elements of very different electrochemical nobility 

Pd has high nobility and shows dissolution only at low pH and high potential. Fe is 

generally passive in alkaline solutions, while at low pH no passive layer forms to inhibit 

dissolution [16]. This combination of nobility provides opportunities to study the 

corrosion behavior in a wide variety of electrochemical situations including situations 

where both elements are predicted to dissolve or both form passive oxides. Moreover, 

several intermediate cases may be investigated such as the case where one element is 
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stable its zero valence state while the other is active, one element is passive and one 

element is active, etc. A few of these conditions will be described in some detail below in 

a general Fe/Pd-H20 case. The role of Cl
-
 in terms of promoting dissolution through 

complexation and also through absorption will be introduced. 

The equilibrium potential-pH diagram s for both Fe and Pd (overlaid) are shown 

in Figure 4.2. The corresponding oxide stability diagram for Fe is shown in Figure 4.3. 

For example, at low pH the alloy can be tested in conditions under which Fe is 

thermodynamically favored to dissolve to Fe
2+

 or Fe
3+

 yet no oxide is formed on Pd. 

Thus, the structural dependence of Pd atoms to inhibit dissolution of Fe to various 

oxidation states can be explored on the structure of the alloy (Especially in the case of 

Fe50Pd50 where there is no composition variation between the disordered fcc and pT 

structure.) Preferential Fe dissolution is especially possible at pH below 8.  

At higher pH, passivity and breakdown can be explored. Fe is most easily forms a 

passive layer at pH 11 where a minimum concentration of species is required for 

formation of Fe(OH)2, see diagram, Figure 4.3. Pd forms an oxide across nearly all pH at 

elevated potentials. The oxide stability diagram (Figure 4.3) shows that at low pH Fe2O3 

is the dominant oxide. However, the oxide is stable only at higher potentials and an 

active-passive transition can be expected for Fe. 
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Figure 4.2. Combined Fe-Pd potential-pH equilibrium diagram for Fe/Pd -H2O system at 

25°C and ion concentrations assumed to be 10-6 [16]. For the Fe and Pd system non-

hydroxides are considered. Note the Fe diagram is actually curved at the intersection between 

the Fe2+, Fe3+ and Fe2O3 species. 
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Figure 4.3. Fe Oxide Stability Diagram for Fe2O3 (red, right axis) and Fe(OH)2 (black, left 

axis) at 25°C and considering only Fe-H2O system [16]. The oxide stability shows that at low 

pH Fe2O3 is the dominant oxide but only at high potentials where Fe3+ is the stable species. 

At high pH the minimum concentration required for formation of the Fe(OH)2 is at pH 11. 
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4.3.1  Chloride Complexation and Absorption 

The formation of complex between metal ions and solution species often allows 

thermodynamically predicted dissolution in conditions (pH, potential) where dissolution 

is not expected without these considerations.
9
 In Cl

-
 solutions, Pd forms a complex, 

PdCl4
2-

, at low pH. The formation of the complex decreases the thermodynamically stable 

PdO region and broadens the Pd
2+

 region of stability as a Cl
-
 complex, PdCl4

2-
. The stable 

region for PdCl4
2-

 is shown in Figure 4.2 for 1, 0.1 and 0.01 M [Cl
-
] as indicated by the 

shaded regions. In 1 M Cl
-
, the expected dissolution potential decreases from 0.8 VSHE (in 

0 M Cl
-
, dissolution to Pd

2+
) to 0.3 VSHE (0.55 to 0.05 VSCE). Over the same 

concentrations, the upper pH range prior to the development of passivity increases from 

0.9 to 9.2.  

Another aspect resulting from the presence of Cl
-
 is the absorption of Cl

-
 into the 

oxide is thermodynamically favored. The primary change in the potential-pH equilibrium 

diagram (Figure 4.2) is the change in the stable oxide from Fe2O3 to Fe(OH)2.7Cl0.3 from 

pH 0.9 to pH 11 for 1 M [Cl
-
]. A complex of the Fe cations forms in solution (FeCl

+
, 

FeCl2
+
) but no change in the active region of the diagram is expected.  

 

                                                 
9
 One of the best historical examples of dissolution of a noble metal through complexation is the dissolution 

of gold in cyanide solution. 
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Figure 4.4. Calculated potential-pH equilibrium diagram for the Pd/Cl

-
-H2O system at 25°C. The 

series of regions (white, then shaded) indicate the thermodynamically stable region PdCl4
2-

 at Cl
-
 

concentrations of 1 M, 0.1 M and 0.01 M. The Pd
2+

 concentration assumed to be 10
-6

 M. 

Calculated using Medusa [17]. 
 

Cl
-
 also undergoes adsorption into bare metal surfaces in addition to oxides and 

can affect the electrochemical behavior of the system. For Fe, the absorption of Cl
-
 is 

higher in the passive layer than adsorption on the bare metal (in a base environment of 

8.4 borate buffer); both the coverage and absorption concentration vary on applied 

potential and Cl
-
 concentration [18]. In general, examples of mechanistic interpretations 

of the effect of Cl
-
 on passivity include Cl

-
 oxide penetration [19, 20] and increasing 

cation diffusion leading to passive film breakdown [21]. Absorbed Cl
-
 can also affect the 

kinetics of dissolution reactions. Dissolution of Fe depends on the [Cl
-
] through 

formation of FeCl
-
ads which lead to an increase in the dissolution rate [22, 23]. 

The role of Cl
-
 must be considered when discussing the electrochemical behavior 

of the Fe-Pd alloys and assumptions of regions of immunity and oxide stability. Cl
-
 is 
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likely to play a role both in thermodynamics and kinetics of dissolution and passivity of 

either or both of the elemental species in the alloy. 

4.4  Critical Unresolved Issues 

The objective of this chapter is to answer two key questions that underlie the 

behavior of the Fe-Pd system. The first is to gain an understanding of the corrosion and 

electrochemistry behavior of this binary alloy system as a function of composition by 

establishing the role of Pd as a beneficial solute element. Selected conditions will probe 

issues such as noble-active element circumstances. The second is to establish the role of 

structure at these compositions. A corollary to these objectives is the establishment of the 

framework of electrochemical behavior to be expanded upon in the detailed study of the 

Fe50Pd50 γ-phase and L10 structural states in the following chapters. 

4.5  Experimental 

The Fe50Pd50 alloy was produced by the arc-melting technique using high purity 

99.99% Fe and 99.999% Pd under an argon atmosphere. Prior to any heat treatments, 

alloy sections were first encapsulated in quartz tubes under an argon atmosphere. The 

cast alloy Fe50Pd50 was cold rolled to approximately 0.5 mm. To remove the induced 

deformation and texture, the alloy was recrystallized at 1100 °C for 24 hours and then 

water quenched. A final annealing step for each composition was performed followed by 

water quenching. X-ray diffraction (XRD) characterization was performed using a 

Scintag XDS-2000 diffractometer with a Cu-Kα source (λ = 0.1541 nm). XRD spectra 

measurements were conducted in the θ/2θ configuration. 
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Chemical speciation and E-pH species predominance diagrams are created using 

the Medusa software suite [17]. This freely available suite
10

 calculates electrochemical 

equilibria based on species concentrations. Structural modeling and calculations based on 

the structure (such as density) were calculated using the Diamond Crystallography 

Software Suite[24].  

Electrochemical measurements were conducted using a traditional 3-electrode 

setup with an exposed electrically isolated working electrode consisting of polycrystalline 

Fe50Pd50 sample or Pd and Fe samples. The reference electrode was a saturated calomel 

type electrode, SCE, and the counter electrode was a platinum mesh. Chemical solutions 

were produced using reagent grade chemicals and pure water (resistivity 18.2 M Ω /cm) 

produced by an Academic MilliQ filtration system (MilliPore). Prior to electrochemical 

experiments the solution was deaerated for at least 2 hours by vigorous sparging of 

nitrogen through the solution. Polarization experiments were conducted using a Gamry 

PCI4 potentiostat. High purity element samples of Fe and Pd were used in comparative 

electrochemistry experiments. Exposed samples had an exposed surface area of 

approximately 0.005 cm
2
. 

JEOL 6700F with an accelerating voltage of 5 keV and a working distance of 5 

mm was used to characterize the surface morphology. Composition measurements were 

made using an attached energy x-ray dispersive spectrometer (EDS). X-ray photoelectron 

spectroscopy (XPS) composition depth profiling was performed using a PHI Quantera 

SXM, part of the Institute for Critical Technology and Applied Science at Virginia 

                                                 
10

 Found on the web at http://www.kemi.kth.se/medusa/. 
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Polytechnic Institute. Optical image analysis of pit size and surface coverage was 

performed using ImageJ image analysis software
11

. 

4.6  Results 

4.6.1  Characterization of Fe1-xPdx microstructures  

To produce the as-quenched γ-phase structure, the samples were annealed at 950 

°C and water quenched. To produce the martensitic structure for Fe70Pd30, a higher 

temperature and longer duration annealing was performed at 1100 °C for 100 hours. The 

higher temperature was chosen to avoid the two-phase field and along with the longer 

duration to achieve similar grain size to the γ-phase alloys. The final annealing step and 

the resultant phase and corresponding grain size is summarized in Table 4.2. The phase 

identification and corresponding microstructures are presented in more detail in the 

following sections. 

Table 4.2. Fe1-xPdx alloy heat treatment table with resulting phase identification. Grain 

size measurements are based on optical micrographs and electron backscattered 

diffraction (Fe50Pd50). 

Sample Heat Treatment Phase 
Grain Size 

(µm) 

Fe70Pd30 
100 hours at 1100 °C, water 

quenched 

bct (or bcc) 

martensite 

70 

Fe65Pd35 
10 hours at 950 °C, water 

quenched 

γ  

(disordered fcc) 

21 

Fe50Pd50 
10 hours at 950 °C, water 

quenched 

γ  

(disordered fcc) 

28 

 

 

                                                 
11

 Software freely published by the National Institute of Health: http://rsb.info.nih.gov/ij/ 
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4.6.1.1  Characterization of the Fe70Pd30 phase 

The microstructure of the bulk alloy Fe70Pd30, shown in Figure 4.5, most closely 

resembles the reported bct martensite microstructure due to its mixture of twin and lath 

martensitic [10]. To confirm this conclusion, the x-ray diffraction spectrum, Figure 4.6, 

was analyzed for bct and bcc phases. In a tetragonal structure peak splitting arises due to 

the loss of symmetrical lattice reflections (e.g., {101} is not symmetric to {110}) but 

structure. The XRD spectrum does not exhibit tetragonal characteristic peak splitting and 

shows only the lattice reflections for the bcc structure.  

The calculated values for the diffraction peak splitting for the bct structure based 

on lattice parameters in [14] are tabulated in Table 2.3. However, these differences are 

likely within the detection limitations of the diffractometer. In this scenario, the peak 

splitting would instead lead to peak broadening which does seem evident especially at the 

higher index peaks. The grain size of these samples ranged from 30-120 µm and an 

average grain size of about 70 µm. Based primarily on the microstructure, 

characterization of the Fe70Pd30 as-quenched microstructure is bct. 
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Figure 4.5. Optical micrograph of the Fe70Pd30 microstructure after annealing at annealed 

at 1100 °C for 100 hours and water quenched. The microstructure was revealed by 

chemically etching using a mixture of 60 vol% concentrated hydrochloric acid (HCl) and 

40% concentrated nitric acid (HNO3). 
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Table 4.3. Calculated bct Fe70Pd30peak positions assuming lattice parameters a and c are 

0.296 and 0.300 nm from [14], respectively. 

Allowed 

Lattice 

Reflection 

Calculated 2θ Peak Position 

(°) 

Expected peak tetragonal peak 

splitting (°) 

(101) 42.88 
0.30 

(110) 43.19 

(002) 61.80 
0.93 

(200) 62.73 

(112) 78.36 
0.63 

(211) 78.99 

(022) 93.97 
0.82 

(202) 94.79 
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Figure 4.6. X-ray diffraction spectrum of Fe70Pd30 after annealing at 1100 °C for 100 

hours and water quenched. Indexed diffraction peaks correspond to a bcc structure with 

lattice parameter 0.298 nm and site occupancy factors of 0.7 for Fe and 0.3 for Pd. The 

calculated density based on the crystal structure is 8.912 g/cm
3
. 

 

4.6.1.2  Characterization of austenitic (γ) Fe65Pd35 and Fe50Pd50 

The as-quenched phase of both γ-phase alloys was identified as the disordered fcc 

phase by XRD. The diffraction patterns are shown in Figure 4.7, with lattice reflections 

identified as fcc. The average grain size of the Fe50Pd50 alloy was calculated using EBSD 
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mapping (in Chapter 6) and ranged from 5 to 110 µm with an average grain diameter of 

26 µm and a standard deviation of 21 µm (median 19 µm). The Fe65Pd35 sample had a 

similar grain size, an example of an etched surface with contrast enhanced to delimit 

grains is shown in Figure 4.8. The average grain size was measured to be about 28 µm 

with a large deviation in grain size. 
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Figure 4.7. X-ray diffraction spectrum for Fe50Pd50 and Fe65Pd35 after annealing at 950 °C 

for 10 hours and water quench. The spectra for both compositions index as the fcc γ 

structure with allowed lattice reflections marked. The peak intensity of the Fe50Pd50 

sample is the expected trend based for a polycrystalline powder sample. The difference in 

intensity for the Fe65Pd35 sample implies a change texture (i.e., change in prevalence of 

grains and their size which is likely due to the Fe65Pd35 sample being smaller and having 

less interaction volume). The calculated density of Fe65Pd35 is 8.874 g/cm3 and for 

Fe50Pd50 is 9.790 g/cm
3
.  
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Figure 4.8. Optical micrograph, with increased contrast, of the Fe65Pd35 sample after 

electrochemical etching by anodic polarization in 0.1 M HCl solution. The grain size 

ranged from 5 to 100 µm with an average grain size of about 28 µm.  

 
Figure 4.9. SEM micrograph of the Fe50Pd50 sample after electrochemical etching by 

polarization in 0.1 M HCl solution at 0.45 VSCE for 400 s. An electron backscattered diffraction 

map (EBSD) of the grain orientations in the sample surface normal direction is also shown to 

better illuminate grains. The average grain size is 26 µm. A detailed analysis of significance of 

the orientation on dissolution behavior in HCl solution will be discussed in detail in Chapter 6. 
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4.6.2  Electrochemical Behavior in Cl
-
 Containing Solutions 

The local corrosion behavior was explored over wide range of Cl
-
 concentrations 

and pH. The objective of this survey of solutions is to establish solution environments 

and conditions (e.g., polarization potential) where the difference between the 

compositions of the alloys is significant. Moreover this basic survey will enable a basic 

understanding of the behavior of this binary alloy in solution. In acidic environments, Cl
-
 

promotes dissolution of Pd (Figure 4.4) while in regions of passivity of Fe, Cl
-
 promotes 

localized breakdown of passive layers. 

4.6.2.1  Acidic Environments: Fe active and Pd passive 

In HCl solution, Fe is thermodynamically expected to be active while Pd is 

predominantly immune to corrosion with passive oxide formation at elevated potential. 

The Cl
-
 anion leads to possible dissolution to form a Cl

-
 complex at higher applied 

potentials. Cyclic polarization in acidic 0.01, 0.1 and 1 M HCl solution (Figures 4.10, 

4.12 and 4.14) indicates Fe dissolution at low over potentials. In contrast, Pd remains at 

low current densities throughout polarization in 0.01 M HCl solution and is likely 

immune to corrosion at low applied potential and passive at higher potentials. Similar low 

current is observed in the more concentrated HCl solutions until 0.6 VSCE. The rise in Pd 

current density at this potential to 10
-3

 A/cm
2
 and 0.1 A/cm

2
 in 0.1 M and 1 M HCl 

solution occurs indicates that Cl
-
 complexation has caused dissolution of Pd. Below the 

critical potential, in all three solutions, the anodic Pd reaction is dominated by the 

oxidation of absorbed hydrogen to H
+
 (see Chapter 5). 
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The Fe70Pd30 alloy shows local passivity-breakdown behavior in both 0.01 M 

(Figure 4.10) and 0.1 M (Figure 4.12) HCl solution concentrations. After polarization in 

0.1 M HCl solution, the grain boundaries exhibit preferential etching and pitting events 

are observed (Figure 4.11). The surface of Fe70Pd30 after exposure in 0.1 M (Figure 4.13) 

exhibits porous layer cracking indicative of dealloying. After potential reversal (upon 

reaching an apex current density), the anodic current density remains high until potentials 

below the open circuit potential. The surface (Figure 4.20) after exposure in 1 M HCl is 

also indicative of dealloying and is discussed in the next section. 

In 0.01 M HCl solution, both Fe50Pd50 and Fe65Pd35 show similar polarization 

behavior. Both remain at low current densities exhibiting cathodic loops
12

 until about 0.4 

VSCE where the current increases to 10
-3

 and 10
-2

 A/cm
2
, respectively, followed by a 

decrease in current as the applied potential increases. During the reverse scan (not shown 

for 0.01 M HCl) the current density remains low. After polarization the surface 

morphology (Figure 4.11) of the Fe65Pd35 alloy exhibits shows numerous large pitting 

events. The microstructure of the Fe50Pd50 shows less overall dissolution than the 

Fe65Pd35 alloy and only small pits or likely pit initiation sites.  

The comparison of the E-logi behavior (Figure 4.12) of the alloys in 0.1 M HCl 

solution shows sustained dissolution around 0.4 VSCE in both Fe65Pd35 and Fe50Pd50. 

Cathodic loops are also observed during the upwards potential scan. During the anodic 

scan the current density of Fe65Pd35 is higher than Fe50Pd50 indicative of increased 

                                                 
12

 Cathodic loops occur when the cathodic current is > than the anodic (passive or capacitive) current. This 

behavior in these alloys is likely due to the interplay of Habs oxidation/HER equilibrium reaction (causing 

the lower potential change from negative to positive current) and the oxidation/reduction reaction of the 

alloy (which occurs at the a higher potential). Arguments regarding Habs are discussed in Chapter 5. 
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dissolution. In Figure 4.13, the surface morphology of the Fe60Pd35 alloy indicates a grain 

etched surface with some grains becoming less reflective due to increased dissolution. 

This behavior is not seen in Fe50Pd50 except in a few grains; however this is likely due to 

the difference in total dissolution amounts. 

A similar trend in dissolution behavior is observed in 1 M HCl solution (Figure 

4.14) but the potentials of sustained dissolution are shifted to lower potentials, about 0.25 

VSCE. The E-logi behavior is similar for all 3 alloy compositions and all undergo 

dissolution. As the Pd content increases the dissolution curves are shifted to higher 

potentials. The surface morphology of this condition will be explored further in the next 

section. 

The current density at a given anodic potential follows the ordinal ranking that 

Fe50Pd50 < Fe65Pd35 << Fe70Pd30 in all three HCl solution concentrations. The Fe70Pd30 

alloy shows a distinctly different surface morphology and uniformly cracked surface 

indicating substantial preferential dissolution of Fe has occurred. In 0.01 M HCl pitting 

events are seen for both Fe65Pd35 and Fe50Pd50. Grain dependent dissolution morphology 

is observed in the more aggressive HCl concentrations. The role of preferential 

dissolution is presented in the next section. 
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Figure 4.10. E-logi behavior in 0.01 M HCl solution at a scan rate of 1 mV/s. For clarity 

only the anodic portion of the cyclic polarization curve is shown for all alloys except 

Fe70Pd30. The full scan is shown to show the post activation behavior. For reference, the 

potentials of various oxidation reactions are shown (solid lines) at pH 2 and species 

concentrations of 10
-6

 M. 

   
Figure 4.11 Optical micrographs for Fe70Pd30 (left), Fe65Pd35 (center) and Fe50Pd50 (right) 

after cyclic polarization (Figure 4.10) in deaerated 0.1 M HCl solution showing 

characteristic surface features. The Fe70Pd30 exhibits grain boundary dissolution and pits 

initiated along grain boundaries. Fe65Pd35 microstructure exhibits numerous pitting 

events. The Fe50Pd50 microstucture shows small pitting events. Note that while the 

Fe70Pd30 sample underwent dissolution at lower applied potentials, the total charge 

accumulated is less than the case of the Fe65Pd35 resulting in less overall dissolution. 
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Figure 4.12. Cyclic E-logi behavior in deaerated 0.1 M HCl solution at a scan rate of 1 

mV/s (direction indicated by arrows). The current for high purity polycrystalline Fe is 

above the current cutoff threshold and is represented by a single point. A potentiostatic 

polarization at 0.3 VSCE, indicated by the dashed line, is shown in Figure 4.15. For 

reference, the potentials of various oxidation reactions are shown (solid lines) at pH 1 and 

species concentrations of 10
-6

 M. Oxidation of Fe to aqueous Fe
2+

 cation occurs at -0.86 

VSCE. 

   
Figure 4.13. Optical micrographs for Fe70Pd30 (left), Fe65Pd35 (center) and Fe50Pd50 (right) 

after cyclic polarization (Figure 4.12) in deaerated 0.1 M HCl solution showing 

characteristic surface features. The Fe70Pd30 surface shows cracking indicative of reduced 

volume during preferential dissolution of Fe. Fe65Pd35 shows crystallographically 

dependent dissolution while for the Fe50Pd50 alloy the disoslution is predominantly 

uniform. The dissolution behavior of Fe50Pd50 at higher HCl solution concentrations is 

similar to Fe65Pd35 seen here (See the next section, and  Chapter 5 and 6). 
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Figure 4.14. Cyclic E-logi behavior in deaerated 1 M HCl solution at a scan rate of 1 

mV/s. The dashed line on the E-logi plot indicates the 0.45 VSCE potential used for the 

potentiostatic polarization experiments. For reference, the potentials of various oxidation 

reactions are shown (solid lines) at pH 0 and species concentrations of 10
-6

 M. The 

corrosion induced surface morphology in 1 M HCl solution is highlighted in the next 

section. 

4.6.2.2  Dealloying behavior in acidic HCl solution 

The effect of Pd concentration of Fe-Pd alloys in relation to dealloying was 

further explored using potentiostatic polarization at 0.3 VSCE in 0.1 M HCl solution, 

Figure 4.15, followed by composition depth profile measurements. The current density is 

substantially higher for Fe70Pd30 than either Fe65Pd35 or Fe50Pd50 compositions and the 

total accumulated anodic charge during exposure was about 26 C/cm
2
. XPS 

compositional profiles of Fe70Pd30, after 1 µm (SiO2 equivalent) ion milling, show Pd 

enrichment to 60 at%, twice the bulk composition. The composition depth profiles of 

Fe50Pd50 and Fe65Pd35 is shown in Figure 4.16. In both these cases, there was limited 
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compositional variation measured in the first 20 nm (SiO2 equivalent). For comparison, 

Faraday’s law was used to calculate the expected dissolution after exposure.  

If oxidization of both species to a +2 valence state is assumed, the total 

accumulated charge of Fe50Pd50 at 0.3 VSCE over 600 s would amount to total dissolution 

of 4 nm. If instead only Fe is oxidized forming a 100% Pd dealloyed layer, the dealloyed 

layer thickness would be about 8 nm. Thus, for the Fe50Pd50 alloy, the expected dealloyed 

layer thickness is within the detection limits of depth profile technique. For the Fe65Pd35 

alloy, the expected dealloyed layer thickness would be about 60 nm. Based on the XPS 

results shown in Figure 4.16, dealloying is limited to the first 20 nm of the surface. These 

calculations are a lower bound of the dissolution depth. If the dealloyed layer retained 

some unoxidized Fe atoms, the real dealloyed layer thickness would be significantly 

larger than the calculated values. At longer exposure times and more total charge, EDS 

analysis of Fe50Pd50 does not show any measurable difference between the composition 

of the exposed and unexposed areas. This indicates that a dealloyed layer does not 

propagate through the surface layers and is limited to the surface of the Fe50Pd50 and 

Fe65Pd35 compositions. 
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Figure 4.15. Representative potentiostatic polarization behavior in aerated 0.1 M HCl 

solution at an applied potential of 0.3 VSCE over the initial 600 s of exposure. The total 

charge for Fe70Pd30 is 26.15 C/cm
2
 (600s exposure). The other two alloys were polarized 

for 1800s and for Fe65Pd35, the total charge 0.07 C/cm
2
, and for Fe50Pd50 the total charge 

is 0.01 C/cm
2
. 
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Figure 4.16. XPS depth profiles for Fe50Pd50 and Fe65Pd35. Fe50Pd50 shows little if any Pd 

enrichment in the first 100 equivalent nm. Fe65Pd35 shows 5% Pd enrichment at the surface layer.  

There appears to be a shift between the measured concentrations and the bulk concentrations by -

5% for Pd and +5% for Fe. For Fe70Pd30, Pd is enriched to a composition of about 60% Pd at an 

equivalent depths 1000 nm.  
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In the case of Fe70Pd30, the calculated dealloyed layer thickness is about 10 µm. 

The composition after ion milling showed Pd enrichment to 60 at%. This result is 

corroborated by an EDS line scan analysis in Figure 4.17, which shows the composition 

from a lacquer protected region (composition ~Fe68Pd32, close to the bulk composition) 

compared to the dealloyed region. The composition of the dealloyed areas was enriched 

to a Pd concentration of 65-80%. XRD of the surface showed a mixture of Fe70Pd30 and 

fcc Pd spectra (Figure 4.18). There is a shift to lower peak positions in the martensitic 

peaks from the initial spectrum. The shift is expected due to the loss of Pd concentration 

in the martensite which leads to peaks shifting to higher 2θ as the lattice contracts 

towards a structure closer to ferritic Fe (see diffraction spectra for Fe97Pd3 [25] and Fe 

[26]). In the dealloyed region substantial cracking occurred likely due to the change in 

volume as the surface reorganizes to form fcc Pd or due to brittle cracking of the porous 

structure (e.g., [27]).  
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Figure 4.17. SEM micrograph and EDS line (inset) of Fe70Pd30 scan after potentiostatic polarization in 

0.1 M HCl solution at 0.3 VSCE. The line scan is across the interface of the lacquered region (dotted line) 

which is protected from solution to the exposed area. The x-axis of the EDS line scan corresponds with 

position along the marked line scan indicated by the arrow. In the lacquered region the composition is 

Fe68Pd32 approximately the bulk composition. The initial dealloyed region between 50 and 100 µm 

followed an unexposed region due to coverage of the lacquer. Spikes in the composition values correspond 

to the cracked areas along the surface. A working distance of 15 mm and 15 kV accelerating voltage was 

utilized for both the image and EDS analysis. 
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Figure 4.18. XRD of the exposed Fe70Pd30 shows a mixture of the parent martensitic phase (indicated by 

the red pre-exposure pattern) and pure Pd (fcc). This spectrum indicates that significant preferential 

dissolution of iron has occurred and the remaining Pd atoms have reorganized to the form a fcc Pd structure 

within the first 5 µm of depth. There is a 0.6° phase shift to smaller 2θ after exposure indicating a shift 

more Pd in the martensitic structure. As the Pd alloying amount in bcc Fe increases from ferrite to Fe97Pd3 

the bcc peaks shift to lower 2θ. 
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The presence of dealloying in the higher Pd-content fcc alloys was assessed in 

more aggressive 1 M HCl solution under an applied potential of 0.45 VSCE.
13

 As the 

polarization shown in Figure 4.14 indicates, dissolution is expected from all three alloy 

compositions. The charge density increased as the Pd concentration decreased, see Figure 

4.19 and Table 4.4. The dissolution depth calculations based on Faraday’s Law predict 

that for congruent dissolution of the Fe50Pd50 and Fe65Pd35 alloys the alloy surface would 

have receded 1.74 and 3.24 µm, respectively. If, instead, preferential dissolution were 

occurring in these alloys, the depth of preferentially dissolved Fe would be approximately 

twice these depths. The expected depth is within the characteristic X-ray generation depth 

for Fe-Pd alloys [28]
14

. The SEM micrographs and compositional analysis across the 

interface between the insulated and exposed areas are shown for each alloy in Figures 

4.20 (Fe70Pd30), 4.21(Fe65Pd35), and 4.22 (Fe50Pd50). 

Pd surface enrichment is only seen in the case of the Fe70Pd30 microstructure. 

Congruent dissolution is seen for Fe65Pd35 and Fe50Pd50 and line scans across the 

protected-exposed interface show no change in composition due to surface dissolution. 

Dissolution of the Fe70Pd30 alloy results in a microstructure with an appearance 

resembling fractured islands separated by channels. The islands show 20-30 at% Pd 

enrichment. The high Fe content regions (however not higher than the starting 

composition) are measured from within the dissolved region coincident with the channels 

                                                 
13

 The rationale for this choice was to be in a region of congruent dissolution of both fcc and pT Fe50Pd50 

based on results from Chapter 5. This potential was chosen for the orientation dependent studies of the 

ordered and disordered equiatomic structure in Chapter 6. 
14

 For an iron sample, the Monte Carlo simulation under the SEM-EDS detector conditions for the (JEOL 

6700F, 15 kV, EDS at 29° from the sample surface) more than 80% of the characteristic x-rays are 

generated within the first 0.33 µm of the surface. For higher density element, such as Pd, the characteristic 

x-rays are generated at smaller interaction depths. 
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between the topographically higher regions. The increased dissolution of the channels has 

likely revealed alloy matrix that has not undergone preferential dissolution. 

SEM micrographs of the post-exposure Fe65Pd35 and Fe50Pd50 microstructure are 

shown in Figure 4.23. The microstructure of these alloys exhibits the grain-distinct 

dissolution induced faceted morphology hinted at in the optical micrographs after cyclic 

polarization in 0.1 M HCl solution in Figure 4.13. The Fe65Pd35 microstructure has a 

similar grain dependent faceted morphology that the Fe50Pd50 alloy does, but the 

differences in grain specific dissolution are less pronounced, i.e. there is less of a 

difference between the highest and lowest dissolved grains. 

Table 4.4. Total charge accumulated during potentiostatic polarization in deaerated 1 M HCl 

solution at 0.45 VSCE. Faraday’s Law was used to calculate the calculated dissolution depth.
15

  
 Time (s) Charge (C/cm

2
) Calc. Dissolution Depth (µm) 

Fe70Pd30 200 66.36 26.43 

Fe65Pd35 200 7.51 3.24 

Fe50Pd50 400 3.99 1.73 
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Figure 4.19. Representative potentiostatic 

polarization behavior in deaerated 1 M HCl 

solution at an applied potential of 0.45 VSCE 

for 400 s for Fe50Pd50 and 200 s for Fe70Pd30 

and Fe65Pd35. The total accumulated charge 

density is 66.36, 7.51, and 3.99 C/cm
2
 for 

Fe70Pd30, Fe65Pd35, and Fe50Pd50, respectively. 

 

                                                 
15

 Oxidation of Fe and Pd to the 2
+ 

valence state. Congruent dissolution is assumed for Fe50Pd50 and 

Fe35Pd65 and the density based on the crystal structure. For Fe70Pd30 total preferential Fe dissolution is 

assumed. 
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Figure 4.20. SEM micrograph (left) and EDS line (right) scan of Fe70Pd30 after 

potentiostatic polarization in 1 M HCl solution at 0.45 VSCE for 200 s with total 

accumulated charge of 66.3 C/cm
2
. The line scan, indicated by the arrow, is across the 

interface of the lacquered region (on the left) which is protected from solution. The Fe65Pd35 

surface undergoes preferential dissolution of Fe. The accelerating voltage for both the image 

and EDS analysis is 15 kV and working distance of 15 mm. 
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Figure 4.21. SEM micrograph (left) and EDS line (right) scan of Fe65Pd35 after potentiostatic 

polarization in 1 M HCl solution at 0.45 VSCE for 200 s with total accumulated charge of 7.52 

C/cm
2
. The SEM micrograph indicates some grain specific faceted behavior after dissolution. The 

line scan, indicated by the arrow, is across the interface of the lacquered region (on the left) 

which is protected from solution. No significant qualitative compositional variations are observed 

between the protected and dissolved areas. The accelerating voltage for both the image and EDS 

analysis is 15 kV and working distance of 15 mm. 
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Figure 4.22. SEM micrograph (left) and EDS line (right) scan of Fe50Pd50 after potentiostatic 

polarization in 1 M HCl solution at 0.45 VSCE for 400 s with total accumulated charge of 3.99 

C/cm
2
. The SEM micrograph indicates grain specific faceted behavior after dissolution. The line 

scan, indicated by the arrow, is across the interface of the lacquered region (on the left) which is 

protected from solution. No significant qualitative compositional variations are observed between 

the protected and dissolved areas. The accelerating voltage for both the image and EDS analysis 

is 15 kV and working distance of 15 mm.
16

 

  

                                                 
16

 The divergence between the EDS measured composition and the nominal composition is due to limiting 

the beam energy to 15 keV. This energy is only twice the binding energy of Fe (Kα = 6.4 and Kβ = 7.1 keV) 

resulting in the measured compositions lower in Fe than nominal. This accelerating voltage was used to 

limit the beam interaction depth to better measure the surface composition. 
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Figure 4.23. SEM micrograph of Fe65Pd35 (top) and Fe50Pd50 (bottom) after potentiostatic 

polarization in 1 M HCl solution at 0.45 VSCE. Fe65Pd35 was polarized for 200 s with 7.52 C/cm
2
 

total accumulated charge and Fe50Pd50 was polarized for 400 s with total accumulated charge of 

3.99 C/cm
2
. The Fe50Pd50 microstructure shows distinct dissolution induced grain faceted 

morphologies and lower dissolution than the Fe65Pd35. The Fe65Pd35 microstructure has similar 

grain dependent faceted morphology to the Fe50Pd50 but the differences in grain specific 

dissolution are less pronounced. 
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4.6.2.3  Electrochemical Corrosion Behavior in Neutral and Basic Environments with Pd 

and/or Fe in the Passive State 

In neutral pH, Pd is passive while Fe is active until around -0.23 VSCE above 

which a passive film can be formed from dissolved Fe
2+

 cations (Figure 4.2). The cyclic 

E-logi behavior of the alloys and polycrystalline Fe and Pd in 0.06 M NaCl solution (pH 

6) is shown in Figure 4.24 and 0.6 M NaCl solution (pH 6) in Figure 4.25. Fe exhibits 

active dissolution in both conditions. Pd is non-Faradaic across this potential range in 

0.06 M NaCl solution. A large oxygen evolution peak on Pd is seen above 0.5 VSCE in 0.6 

M NaCl solution. All three Fe-Pd alloys show the same non-Faradaic behavior as Pd. 

Fe50Pd50 has the highest pitting potential, while the pitting potential is similar for both 

Fe65Pd35 and Fe70Pd30. In contrast to both the Fe50Pd50 Fe65Pd35 phase alloys, the Fe70Pd30 

alloy does not fully repassivate. The pit size and surface coverage is summarized in Table 

4.5 and the pits were between 6-15 µm in diameter for all three alloys. This table is meant 

to serve as a qualitative indication of the behavior of the three different alloy as both the 

pit size and coverage are influenced by the apex potential, apex current, and the amount 

of time spent at higher current densities (resulting in more dissolution). With that caveat, 

the percent of the surface covered by pits decreases with increasing Pd content. Based on 

similar pit diameters in all three alloys, it is reasonable to assume that the difference in 

total charge transferred during the anodic polarization sweep is, in large part, represented 

by an increase in number of pit initiation sites instead of an increase in pit size. 

In 0.6 M NaCl solution at pH 6 a similar trend is seen in cyclic polarization 

shown in Figure 4.25. The pitting potential of the Fe65Pd35 and Fe70Pd30 are similar and 
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lower than the pitting potential of Fe50Pd50. Again, Fe70Pd30 does not fully repassivate 

once pits are formed. The pit diameter, highest for Fe70Pd30 decreases with increasing Pd 

content, see optical micrographs in Figure 4.26. The surface coverage of pit sites is 

similar for Fe65Pd35 and Fe70Pd30 and substantially decreased for Fe50Pd50. These values 

are shown in Table 4.6. 

Table 4.5. Surface area covered by pits after cyclic polarization (Figure 4.24) in 0.06 M NaCl 

solution. The apex potential was about 0.7 VSCE for all compositions but the sustained current 

density was higher in the case of Fe70Pd30. The apex potential for Fe70Pd30 was -0.1 VSCE. Average 

pit diameter ranged from 6-15 µm and no significant difference was measured at the different 

alloy compositions. Pd showed no events, and Fe showed uniform dissolution. 
 Pit Surface Coverage (%) 

Fe70Pd30 19  

Fe65Pd35 7 

Fe50Pd50 2 
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Table 4.6. Pit diameter and pit surface coverage after cyclic polarization (Figure 4.25) in 0.6 M 

NaCl solution. The apex potential was about 0.6 VSCE for all compositions but the sustained 

current density was higher in the case of Fe70Pd30. The calculated pit surface area is excluding the 

area of increased dissolution for Fe70Pd30. The value including this area is shown in parenthesis. 

Pd showed no events, and Fe showed uniform dissolution. 
 

 Pit Diameter  

(µm) 

Standard Deviation 

(µm) 

Pit Surface 

coverage (%) 

Fe70Pd30 15.93 4.64 8% (19%
†
) 

Fe65Pd35 12.05 2.65 9% 

Fe50Pd50 8.40 2.64 1.5% 

† including the surface area of increased corrosion damage 
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Figure 4.24. Cyclic E-logi behavior in 0.06 M NaCl solution at pH 6 at a scan rate of 1 mV/s. 

For reference, the potentials of various oxidation reactions are shown (solid lines) at pH 6 and 

species concentrations of 10
-6

 M. The Fe oxidation reaction to Fe
2+

 reaction occurs at -0.86 VSCE. 
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Figure 4.25. Cyclic E-logi behavior in 0.6 M NaCl solution at pH 6 at a scan rate of 1 

mV/s. For reference, the potentials of various oxidation reactions are shown (solid lines) 

at pH 6 and species concentrations of 10
-6

 M. Fe oxidation to Fe
2+

 occurs at -0.86 VSCE. 

No Pd-Cl
-
 complex is formed at this pH. 

   
Figure 4.26. Optical micrographs for Fe70Pd30 (left), Fe65Pd35 (center) and Fe50Pd50 (right) 

after cyclic polarization in deaerated 0.6 M NaCl solution (Figure 4.12) showing 

characteristic surface features. The apex potentials were between 0.4 and 0.5 VSCE. The 

Fe70Pd30 surface shows large pits (due, in part, to the large anodic charge due to lack of 

repassivation) and regions of increased corrosion damage
17

. Fe65Pd35 and Fe50Pd50 show 

pitting corrosion but generally pitting events on Fe50Pd50 are smaller and have a lower 

density than Fe50Pd35. 

  

                                                 
17

 Acid spillover (due to acidification within pit due to cation hydrolysis) is likely inducing dealloying 

resulting in the cracks. As in the acidic HCl solution studies, similar behavior is not seen in Fe65Pd35. 
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The oxide stability diagram (Figure 4.3) indicates that Fe(OH) oxide is most 

readily formed at pH 11. At this pH, Fe is passive while Pd is immune at low potentials 

and forms a passive film above 0.1 VSCE. Cyclic E-logi behavior in 2M NaCl at pH 11 is 

shown in Figure 4.27. Fe now exhibits passive behavior then pits at -0.26 VSCE. Pd shows 

non-Faradaic behavior until PdO is formed and then at higher potentials OER occurs. 

During the reverse scan on Pd the ORR occurs at 0.4 VSCE. Then, as the scan sweeps to 

lower potentials, the anodic current density decreases around 0 VSCE indicative of the 

reduction of the PdO film (which produces a negative current offsetting the non-Faradaic 

current). 

The pitting potential increases as the Pd alloying concentration increases for the 

Fe-Pd alloys. Fe70Pd30 alloy shows similar repassivation behavior to Fe50Pd50 and 

Fe65Pd35 alloys, but never fully repassivates. This behavior is similar to the behavior of 

Fe70Pd30 in HCl solution. The open circuit potential proceeding polarization (Figure 4.28) 

shows an increase in open circuit potential as the Pd alloying concentration increases. 

After the polarization, the Fe70Pd30 shows similar open circuit behavior to Fe. Fe65Pd35 

and Fe50Pd50 alloys show behavior similar to Pd and over the initial 400 seconds the 

potential rapidly rises to about 0 VSCE. The rise is fastest for Pd, second fastest for 

Fe50Pd50 and slowest for Fe65Pd35.
18

 

The post corrosion morphology is shown in a series of micrographs in Figure 

4.29. Fe50Pd50 shows orientation dependent dissolution with some pitting events. The 

                                                 
18

 Similar behavior is also seen, though not shown here in the HCl solutions; the open 

circuit potential of the γ phase alloy increases to higher potentials and the Fe70Pd30 alloy 

has a potential similar to Fe. The mechanistic interpretation of this behavior will be 

discussed in detail in Chapter 5. 
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SEM micrograph shows dissolution revealed steps that seem to have some grain 

dependence. In contrast, the surface morphology of Fe65Pd35 shows only pitting events 

and revealed no grains specific dissolution. Larger pits and an increase in the amount of 

corrosion product were observed the case of Fe70Pd30. 
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Figure 4.27. Cyclic E-logi behavior in 2 M NaCl at pH 11.0 with a scan rate of 1 mV/s. 

For reference, the potentials of various oxidation reactions are shown (solid lines) at pH 

11 and species concentrations of 10
-6

 M. The Fe/Fe(OH)2 reaction occurs at -0.94 VSCE, 

Fe/Fe3O4 occurs at -0.98 VSCE, and hydrogen evolution (H
+
/H2) occurs at -0.90 VSCE. 
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Figure 4.28. Open circuit before and after cyclic before (left) and after (right) cyclic 

polarization 2 M NaCl pH 11.0. For reference, the potentials of various oxidation 

reactions are shown (solid lines) at pH 6 and species concentrations of 10
-6

 M. Prior to 

polarization the open circuit of the alloys increase with increasing Pd concentration. After 

the experiment, the open circuit potential of Pd, Fe50Pd50 and Fe65Pd35 follow a similar 

trend, while Fe and Fe70Pd30 exhibit similar behavior. 
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Figure 4.29. Optical micrographs of Fe70Pd30 (top left), Fe65Pd35 (top right), Fe50Pd50 

(bottom left and SEM, bottom right) surface after cyclic polarization in 2 M NaCl 

solution at pH 11. The Fe65Pd35 and Fe70Pd30 alloys show behavior dominated by pitting 

events. In the Fe50Pd50 alloy (SEM image, bottom right) the surface shows uniform 

dissolution type behavior with some grain dependent morphological features. Some pit-

like regions of increased dissolution relative to the neighboring region (sub grain sized) is 

also present. The surface of the Fe50Pd50 alloy shows grain dependent dissolution 

characteristics typical of both Fe65Pd35 and Fe50Pd50 alloys in acidic Cl
-
 solutions.  
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4.7  Discussion 

For this binary alloy system at these concentrations, there are two parallel 

mechanisms: The effect of alloying concentration and the role of structural change from 

the disordered, fcc state in Fe50Pd50 and Fe65Pd35 to the martensitic state in Fe70Pd30. 

Separation of variable issues makes definitive interpretations of these results difficult. 

The primary objective here is to establish a set of environmental conditions and corrosion 

regimes to further the explore the role of structure when it can be analyzed independently 

from composition in the fcc and pT Fe50Pd50. 

4.7.1  Interpretation of the Critical Potential and the Effect of Pd content 

Across the Cl
-
 concentrations and pH studied, the behavior of the martensitic 

Fe70Pd30 phase is markedly different than the two disordered, fcc alloys. In 0.1 M and 1 

M HCl solution it was shown that the Fe70Pd30 undergoes preferential Fe dissolution 

while both disordered, fcc alloys exhibit congruent dissolution (Figures 4.16 and 4.20-

4.22). A systematic lack of repassivation is shown after pitting in acidic, neutral and basic 

environments the case of the Fe70Pd30 alloy, in marked contrast to both Fe35Pd65 and 

Fe50Pd50 which show typical repassivation behavior (Figures 4.24, 4.25 and 4.27). The 

lack of repassivation is driven by the acidification of the pit due to hydrolysis. The 

change in repassivation behavior and dissolution rate indicates some underlying role of 

the change in structure from the disordered, fcc structure to the martensitic structure. 

Alternatively, a large effect of composition could be dominating any structural effect. 

The pitting potentials are lowest for Fe70Pd30 in all cases except at pH 6 where 

they are similar to Fe65Pd35. The critical potentials are summarized in Table 4.7 and color 
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coded by type. Both pitting potential dependency and the repassivation effect is likely 

compositionally dependent [29, 30]. Other alloy systems, such as stainless steel, rely on 

elements (Cr and Mo) in solid solution to increase passive layer formation [30]. The solid 

solution effect in these alloys seems to dominate the structure effect and similar 

passivating composition thresholds are seen for bcc, fcc and martensitic stainless steels 

[29]. 

Table 4.7. Table of critical potentials (VSCE). Colored shading is indicates the operating 

corrosion mechanism. Blue shaded boxes are indicative of dealloying, Red indicates 

pitting, and Green indicates uniform-type dissolution showing grain specific 

morphological faceting. To convey the potential dependence of dissolution, the critical 

potential for the Fe-Pd alloys during active dissolution (e.g., see Figure 4.14) is defined 

as the potential at a current of 10
-4

 A/cm
2
. 

 

Solution 1 M HCl 0.1 M HCl 0.01 M HCl 0.06 M NaCl 0.6 M NaCl 2 M NaCl 

pH 0 1 2 6 6 11 

Fe70Pd30 0.27 0.16 -0.01
*
 0.42 0.38 0.44 

Fe65Pd35 0.3 0.37 0.45
†
 0.44 0.38 0.55 

Fe50Pd50 0.37 0.42 0.51
†
 0.49 0.46 0.58 

Fe active active active active active -0.26 

Pd 0.63
‡
 0.68

‡
 immune immune immune immune 

* intergranular corrosion is seen, † does not fully activate, ‡ increase in current density 

from capacitive (non-Faradaic current) due to Cl
-
 complexation 

 

To discuss the Fe-Pd system the effect of composition and effect of structure must 

be separated. The possibility of a critical alloying concentration to induce passivity or 

drastically diminish dissolution rate must be discussed. This argument is similar to 12 

at% Cr required for passivity in steel [31-33]. At the critical concentration of the oxide 

forming solute a geometric based argument that a specific concentration is required to 

form an oxide. 

A similar argument can be made about a non-dissolving species (Pd) impeding 

dissolution of a species favorable to dissolution (Fe) by forming more dissolution 
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resistant Fe-Pd bonds. Higher alloying concentrations of Pd would lead to each Fe atom 

having a higher nearest neighbor concentration. In the case of a disordered structure, the 

compositionally random arrangement could further improve dissolution resistance. The 

disordered surface can form a surface with Fe atoms bonded to an above average number 

of Pd atoms compared to a periodic crystalline structure. A periodic structure is 

constrained to certain nearest neighbor (NN), 2
nd

 NN concentration, etc. If, say, a 

hypothetical threshold concentration were required to forestall dissolution and the 

periodic structure is slightly below this concentration threshold. The random fluctuations 

in NN concentration in the disordered state leads to a continuum of states of binding 

energy and therefore susceptibility to dissolution. The most susceptibly bound Fe atoms 

would dissolve and an overall surface richer in beneficial states than the periodic nature 

would be the effective surface. Thus, the effective concentration of beneficial solutes is 

higher in a disordered case. The compositionally disordered effect is explored in Chapter 

5 and 6. In this chapter, the role of composition would likely dominate the disordered 

effect. 

Both arguments apply to the passive case where Fe forms an oxide and Pd is 

either immune to dissolution or also forms an oxide. If the critical concentration required 

to form a protective layer of noble atoms or passive film is between 30 and 35 at% Pd, 

then below this concentration there would be a drastic increase in susceptibility to 

corrosion.  

Indeed, this seems true in the 0.1 M and 1 M HCl solution where the dissolution 

leads to the formation of a Pd enriched region of the surface (Figure 4.17, Figure 4.20) in 
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the case of the Fe70Pd30 alloy and no significant preferential dissolution occurs in the 

higher Pd content alloys. It is important to consider the parting limit of the alloy. The 

parting limit is defined as “minimum concentration of the more noble component of an 

alloy above which dealloying does not occur” [34]. Cu-Pd in SO4
2-

 solution has a parting 

limit between 20 and 30 at% Pd [35]. In 12 M LiCl solution the parting limit of AgPd, 

CuPd and NiPd is less than 20 at% Pd [36]. It is possible that the parting limit of Fe-Pd 

alloys in HCl solution could be between 30 and 35 at% and above this limit there is not 

enough Fe to enable bulk dealloying by preferential dissolution.  

Both Fe65Pd35 and Fe50Pd50 exhibit congruent dissolution instead of dealloying. 

Both also exhibit significant dissolution compared to the high purity Pd case (Figure 

4.14). This suggests a mechanistic change from preferential dissolution to more uniform 

dissolution of the surface in acidic HCl environments. In addition to the composition 

effect, the change to a martensitic structure is likely also playing a role in this behavior.  

In the passive environments, there is no indication of drastic changes in the 

critical potential for pitting due to the martensitic structure in Fe70Pd30. There is a fairly 

linear relationship between pitting potential and alloying content in the environments 

studied. That is, there are no huge gaps between measured pitting potentials and also the 

pit morphologies are similar. Thus, it is unlikely that a critical alloying concentration of 

Pd for loss of passivity in these environments has been met.  

4.7.2  Effect of Structure and Orientation: Dissolution Revealed Microstructure 

After dissolution of the disordered fcc structure a grain dependent morphology is 

revealed. Some grains appear ‘shiny’ and have dissolved less than other neighboring 
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grains. The cases where this is true are: Fe50Pd50 2M NaCl pH 11 solution (Figure 4.29), 

Fe65Pd35 0.1 M HCl solution (Figure 4.13) and both Fe65Pd35 and Fe50Pd50 1 M HCl 

solution (Figure 4.23). There appears to be a composition and ‘corrosion severity’ 

dependence. 

In the case of 2 M NaCl solution at pH 11 (Figure 4.29), the surface of the 

Fe50Pd50 composition shows this behavior. Yet, in the case of the lower Pd concentration 

in Fe65Pd35 typical pitting behavior is seen. The Pd concentration is likely not high 

enough in Fe65Pd35 to impede dissolution to the point of revealing the grain dependent 

behavior. Another interpretation is that there is an underlying change in the ability to 

form an Fe-based oxide in the Fe50Pd50 compared to the higher Fe content alloys. 

In the case of the Fe65Pd35 in 0.1 M HCl solution, the grain surface features do not 

appear in the Fe50Pd50 state due to the solution severity/conditions not causing significant 

dissolution (Figure 4.13). There is some indication of this behavior on a few grains, but 

overall the corrosion appears uniform across the polycrystalline surface. In more severe 1 

M HCl solution exposures, grain dependent dissolution is also seen for Fe50Pd50. In 

Figure 4.23, each grain for Fe50Pd50 exhibits characteristic structural faceting and an 

apparent characteristic dissolution depth. The exploration of this behavior for disordered 

(introduced here) and ordered Fe50Pd50 is studied at length in Chapter 5 and 6.
19

 

4.8  Conclusion 

The high dissolution susceptibility of Fe70Pd30 in acidic environments is attributed 

to the role of the alloying concentration which enables preferential dissolution of Fe and 

                                                 
19

 The role of structure is studying by comparing the fcc to the pT structural state at the same composition 

(thereby removing the role of the Pd alloying effect) 
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subsequent reorganization of a Pd rich layer. Congruent dissolution is observed for 

Fe65Pd35 and Fe50Pd50 in acidic HCl environments. In pitting environments, an increase in 

Pd alloying concentration increases the critical pitting potential. Fe65Pd35 and Fe50Pd50 

shows dissolution induced grain specific structural facets after dissolution in HCl 

environments. Similar behavior is seen in Fe50Pd50 basic environments after passive layer 

breakdown likely due to acidification of the solution.  

These experiments revealed an ideal set of conditions to study the role of structure 

with no composition variation in the disordered (fcc) and ordered (pT) states of Fe50Pd50. 

In particular, the grain specific faceted structure suggests that the atomic arrangement is 

important. This work importantly established that no bulk preferential dissolution of 

Fe50Pd50 occurs during dissolution. These experiments provide a framework for the study 

of the role of structure on corrosion properties which are presented in Chapter 5 and 6. 
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5    Electrochemical Behavior of pT and fcc Fe50Pd50 during Active, 

Passive and Localized Corrosion 

5.1  Abstract 

The effects of the differences in structure between disordered fcc and ordered pT 

Fe50Pd50 on electrochemical corrosion behavior are discussed. These two structural states 

were studied in the passive, active, and passive-localized corrosion breakdown conditions 

through studies encompassing a wide range of pH and solution environments, including 

those with and without Cl
-
. 

Significant differences in the behavior of fcc and pT Fe50Pd50 in the active state in 

acidic Cl
-
 environments were observed. Dissolution features of the fcc Fe50Pd50 structure 

exhibit grain dependent characteristic 3-fold and 4-fold features during initial stages of 

dissolution in Cl
-
. Increased dissolution leads to specific grain specific morphological 

faceting. In the pT structure, initial dissolution highlights show a microstructural 

dependence, but increased dissolution produced behavior where there was no grain 

dependence. Similar behavior was observed in passive and passive-localized breakdown 

conditions for fcc and pT Fe50Pd50. Conditions were identified where congruent 

dissolution of a binary Fe50Pd50 alloy could be studied in the active state and as a function 

of crystal facet orientation. 

As a supplement to these studies, the role of Pd as a hydrogen electrode was 

evaluated. Rapid hydrogen evolution reaction depended on structure under open circuit 

potentials. This behavior was correlated to the role of H absorption in the two different 

structures of the Fe50Pd50 alloy. 
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5.2  Introduction 

This chapter focuses on the corrosion behavior of the equiatomic composition, 

Fe50Pd50 alloys. At this composition both a disordered fcc phase and an ordered pT 

structure can be formed. By forming Fe50Pd50 alloys of these two structures with similar 

grain sizes, the role of structure on corrosion can be studied in the absence of 

compositional differences between the two structural states. 

5.2.1  Fe50Pd50 Alloy Synthesis and Phase Transformation Characteristics 

The high temperature austenitic γ-phase is a disordered fcc solid solution. Upon 

cooling, Fe50Pd50 transforms by a nucleation and growth mechanism to an ordered 

primitive tetragonal phase, L10. The L10 phase is the single phase field at 50-60 at% Pd. 

The phase diagram and relevant phases are described in the introduction to the Fe-Pd 

alloy system in Chapter 4.  

The disordered fcc and L10 unit cells are shown in Figure 5.1 and Figure 5.2, 

respectively. The ordered primitive tetragonal phase, L10, has symmetry P4/mmm with 

lattice constants a=0.3852 nm and c=0.3723 nm. [1]. The L10 structure has Pd atoms at 

the c=1/2 face positions and Fe atoms at the vertices. The disordered γ fcc phase has site 

occupancy factors (S.O.F.) of 0.5 for Fe and Pd at the lattice sites. The fcc phase has 

symmetry Fm-3m and lattice parameter a=0.3804 nm [2]. The radial distribution of atoms 

from a given atom is shown for the fcc and L10 structures in Figure 5.3 and Figure 5.4, 

respectively. These plots show the expected radial distance from an atom to its 

neighboring atoms. In the case of the disordered fcc structure, within 0.30 nm of a given 

atom there are 12 atoms each with equal probability to be either Fe or Pd. An additional 6 
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atoms lie between 0.30 and 0.40 nm. For the pT structure, the structure is expanded and 

there are fewer atoms within this range: there are 4 Pd and 4 Fe atoms within 0.30 nm of 

a given Pd atom and 10 total Pd atoms with 0.40 nm. 

 
Figure 5.1. Schematic model Fe50Pd50 fcc disordered γ phase with representative random site 

occupancy shown. The fcc phase (Fm-3m) has lattice constant a=0.3804 nm and a site occupancy 

factor of 0.5, the atomic ratio. The density is 9.790 g/cm
3
. Model created using Diamond 

Crystallography Software [3]. 

 
Figure 5.2. Schematic model of Fe50Pd50 L10 structure. The L10 phase has symmetry P4/mmm 

with lattice constants a=0.3852 nm and c=0.3723 nm and a density of 9.755 g/cm
3
. Pd atoms lie 

at the c=1/2 lattice sites while Fe atoms occupy the vertices. Model created using Diamond 

Crystallography Software [3]. 
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Figure 5.3. The number of atoms at a given distance from a given atom in the disordered 

fcc structure. Each atom site has an occupancy of 0.5 for Fe and Pd. Interatomic distances 

determined using Diamond Crystallography Software [3]. 
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Figure 5.4. The number of Fe and Pd atoms from a given atom in the ordered pT 

structure. Interatomic distances determined using Diamond Crystallography Software [3]. 
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5.3  Critical Unresolved Issues 

The objective of this chapter is to determine the role of structure on active, 

passive and localized corrosion behavior of fcc and pT Fe50Pd50. This comprehensive set 

of studies will elucidate under what corrosion regimes structure plays a definitive role on 

the corrosion behavior of the two structural states of Fe50Pd50. 

5.4  Experimental 

The Fe50Pd50 alloy was produced by the arc-melting technique using high purity 

99.99% Fe and 99.999% Pd under an argon atmosphere. Prior to any heat treatments, 

alloy sections were first encapsulated in quartz tubes under an argon atmosphere. The 

cast alloy Fe50Pd50 was cold rolled to approximately 0.5 mm. To remove the induced 

deformation and texture, the alloy was recrystallized at 1100 °C for 24 hours and then 

water quenched. A final annealing step for each composition was performed followed by 

water quenching. X-ray diffraction (XRD) characterization was performed using a 

Scintag XDS-2000 diffractometer with a Cu-Kα source (λ = 0.1541 nm). XRD spectra 

measurements were conducted in the θ/2θ configuration. The surface morphology was 

characterized by optical microscopy and SEM using a JEOL 6700F with an accelerating 

voltage of 5 keV and a working distance of 15 mm. EDS analysis was conducted at 15 

kV and a working distance of 15 mm. At this accelerating voltage the depth of interaction 

is roughly 0.33 µm. 

Electrochemical measurements were conducted using a traditional 3-electrode 

setup with an exposed electrically isolated working electrode consisting of polycrystalline 

Fe50Pd50 sample or Pd and Fe samples. The reference electrode was a saturated calomel 
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type electrode, SCE, or in Cl
-
 free environments was a saturated Hg/Hg2SO4, MSE. The 

counter electrode was a platinum mesh. Chemical solutions were produced using reagent 

grade chemicals and pure water (resistivity 18.2 M Ω /cm) produced by an Academic 

MilliQ filtration system (MilliPore). Prior to electrochemical experiments the solution 

was deaerated for at least 2 hours by vigorous sparging of nitrogen through the solution. 

Polarization experiments were conducted using a Gamry PCI4 potentiostat and a Biologic 

SP-150 potentiostat. The scan rate was typically 1 mV/s and during cyclic scans the 

current reverse threshold was typically 0.1 mA (around 0.01 A/cm
2
). High purity 

polycrystalline samples of Fe and Pd were used in comparative electrochemistry 

experiments. Exposed samples had an exposed surface area of approximately 0.005 cm
2
. 

5.5  Results 

5.5.1  Characterization of Fe50Pd50 Microstructures 

Annealing in the disordered region at 950 °C for 10 hours and water quenching 

produced a single phase alloy with disordered fcc structure. Annealing at 605 °C 

produced a single phase alloy with ordered pT structure. The phase identification of the 

different heat treatments of the Fe50Pd50 alloy is shown in Figure 5.10 for the disordered 

fcc phase and Figure 5.11 for the pT phase. The grain size was measured as a function of 

heat treatment duration, summarized in Table 2.3. After annealing for 4 weeks, the grains 

size ranged from 15 to 250 µm with an average grain size of 39 µm, which is comparable 
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to the fcc grain size
20

. Samples from this heat treatment were used in the electrochemical 

testing. A typical polytwinned surface of the Fe50Pd50 pT sample is shown in the SEM 

micrographs in Figure 5.7. 

Table 5.1. Annealing temperature, resulting phase and grain size of Fe50Pd50 alloy.  
 

Sample Heat Treatment Phase 
Average Grain Size 

(µm) 

Fe50Pd50 
10 hours at 950 °C, water 

quenched 
γ (fcc) 

28
†
 

Fe50Pd50 
100 hours at 605 °C, water 

quenched 
L10 

~5* 

Fe50Pd50 
2 Weeks (330 hours) at 605 

°C, water quenched 
L10 

~10* 

Fe50Pd50 
4 Weeks (670 hours) at 605 

°C, water quenched 
L10 

39
‡
 

†Determined by EBSD mapping of grain orientations. *Measured by ion etching, approximate. 

‡Measured using an etched surface. Etching performed by short duration exposure in 1 M HCl solution at 

an applied potential of 0.45 VSCE. 
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Figure 5.5. X-ray diffraction spectrum of the disordered fcc Fe50Pd50 sample after 

annealing at 950 °C for 10 hours and water quenched. The 5 indexed peaks all 

corresponded to the fcc γ-phase structure with lattice parameter a = .3804 nm and site 

occupancy coefficient of 0.5 for both Fe and Pd. 

                                                 
20

 The Fe50Pd50 pT grain growth was fit using d∝k·t½ where d is the average grain size and k is an 
Arrhenius type constant. The constant term from the grain growth fit is 2.93·10-5 µm/s½ with a root 
mean square error of 4.77. 
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Figure 5.6. X-ray diffraction spectrum of the ordered pT Fe50Pd50 sample after annealing at 

605 °C for 30 days and water quenched. The indexed peaks, indicated by vertical dashes and 

labeled, corresponded to the pT L10 phase which has space group P4/mmm with lattice 

constants a=3.852Å and c=3.723 Å. [1]. In the L10 structure, Pd atoms occupy the c=1/2 

lattice positions and Fe atoms at the unit cell corners. 
 

  
Figure 5.7. SEM micrographs of the polytwinned structure in pT Fe50Pd50 after potentiostatic 

polarization at 0.45 VSCE for 400 s and a total accumulated charge density of 10.5 C/cm2. 
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5.5.2  Electrochemical Behavior in the Active State 

5.5.2.1  Electrochemical Behavior in Active non-Cl
-
 Containing Solutions 

The open circuit and E-logi behavior 0.5 M H2SO4 solution are shown in Figure 

5.8. During the open circuit period, the potentials of both structural states of Fe50Pd50 rise 

toward the more noble Pd open circuit potential. During the E-logi scan, Fe undergoes 

active dissolution. Pd shows non-Faradaic current density-potential dependence until an 

increase at a potential near the Pd/PdO half-cell potential indicative of oxide formation. 

The low current density during the reverse scan, after reaching the apex potential, is due 

to the offsetting (negative) PdO reduction reaction which occurs below the Pd/PdO half-

cell potential. Both structural states of the Fe50Pd50 alloys show similar current density-

potential behavior similar to Pd. The current of the Fe50Pd50 alloys increases at the 

Pd/PdO potential, indicating formation of a protective oxide, but as the potential 

decreases from the apex current density it is slightly increased. This behavior is typical of 

dissolution reactions.  

Cyclic scans at a scan rate of 20 mV/s were run from -0.6 to 0.3 VSCE, as indicated 

by the arrows between the dashed lines in Figure 5.8, are shown in Figure 5.9. This 

potential range allows investigation of incipient Fe dissolution during the first cycles by 

measuring any current associated with Fe dissolution. However, this current will be hard 

to separate from any absorbed H oxidation. Measurements were made in 0.1 M, 0.5 M 

and 1 M H2SO4. The open circuit potential increases with time for both structural states in 

all three solution concentrations. The total anodic charge of both structural states 

followed similar trends, and both were lower than Pd. Potentiostatic polarization at the 
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apex potential, 0.3 VSCE, of these scans, Figure 5.10, shows Pd having a higher sustained 

oxidation current density than either structural state of Fe50Pd50 after 300 s. The Pd open 

circuit potential is controlled by the HER and absorbed H oxidation reactions instead of a 

Pd oxidation reaction. No mass loss (surface damage) is seen for Pd at applied potentials 

below Cl
-
 dissolution. This effect is likely due to Pd acting as a hydrogen electrode (see 

the Appendix, Section 5.8). During the first 300 s, the increased current density for both 

states is higher than the Pd current density. This current likely corresponds to Fe 

dissolution from the Fe50Pd50 alloys and is higher in the case of the disordered fcc 

structural state. 
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Figure 5.8. Open circuit potential (top) and E-logi behavior (bottom) in deaerated 0.5 M 

H2SO4 solution at a scan rate of 1 mV/s. Dashed lines indicate the potential range for 

cyclic voltammetry potential sweep. For reference, the potentials of various oxidation 

reactions are shown (solid lines) at pH 1 and species concentrations of 10
-6

 M. Oxidation 

of Fe to aqueous Fe
2+

 cation occurs at -0.86 VSCE. 
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Figure 5.9. Total anodic charge during potential cycles from -0.59 to 0.31 VSCE at a scan 

rate of 20 mV/s in deaerated 0.1 M (top-left), 0.5 M (top-right), 1 M (bottom-left) H2SO4 

solution. The total anodic charge is similar for both structural states in all three solution 

concentration. A representative plot of the open circuit behavior in 0.5 M H2SO4 solution 

is shown (bottom-right). The OCP for both fcc and pT structural states increases in all 

concentrations. 
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Figure 5.10. Potentiostatic 

polarization in deaerated 1 M 

H2SO4 at 0.31 VSCE. Both structural 

states show initial current decay to 

very small current densities and 

slightly higher overall current in fcc 

Fe50Pd50. The high current density 

on Pd is likely due to an H 

oxidation current density. No 

surface damage was observed (see 

appendix). 
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5.5.2.2  Electrochemical Behavior in Active Cl
-
 Containing Solutions 

The polarization behavior in 0.1 M and 1 M HCl solution are shown in Figure 

4.12 and Figure 5.12, respectively. The structural states of the Fe50Pd50 alloys are 

compared to high purity polycrystalline Fe and Pd. During the open circuit measurement, 

Fe has a negative open circuit potential while Pd has an intermediate value 0.55 V higher. 

As was introduced in the preceding section, Pd acts as a hydrogen electrode (see 

appendix, Section 5.8). The fcc and pT Fe50Pd50 alloys have the highest open circuit 

potential in both solution concentrations and over the first 200 s the potential increases 

and stabilizes at 0.2 VSCE. This increase is likely due to the interplay between the fast 

kinetics of the hydrogen evolution reaction on the Pd containing Fe50Pd50 alloy and the 

restricted oxidation reactions, and not due to ennoblement of the surface layers by Fe 

dissolution
21

. The open circuit rise and analysis in the case of acidic Cl
-
 containing 

solutions is presented in Section 5.8.3. 

The cyclic polarization behavior, Figure 4.12 and Figure 5.12, shows that high 

purity Fe dissolves at high current densities at very low over-potentials. Pd remains 

uncorroded until the critical potential at 0.6 VSCE in both concentrations where 

dissolution occurs. In 0.1 M HCl solution (Figure 4.12), the polarization of the Fe50Pd50 

in the two structural states is similar, but the current density for the pT structural state is 

higher at potentials above 0.5 VSCE. The fcc structure shows a characteristic peak (the 

current is briefly independent of potential from 0.5 to 0.55 VSCE, Figure 4.12, near the 

                                                 
21

 Depth profile XPS results, Ch. 4, indicate only 10 nm (SiO2 equivalent) of preferential dissolution on the 

order of a few at % after potentiostatic polarization in 0.1 M HCl solution after a total charge of 0.1 C/cm
2
. 

Congruent dissolution is seen after polarization at high applied potential in 1 M HCl solution, see Figure 

4.22 and Figure 5.21. 
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apex potential) that is not seen in the pT structure. This behavior is very similar to the 

behavior of high purity Pd. Potentiostatic polarization, Figure 5.13, in 0.1 M HCl solution 

at a series of potentials shows good agreement with the current density magnitude at 

those potentials in the cyclic polarization scan. At most potentials, the total charge is 

higher in the case of the pT structure. 

The surface morphology in Figure 5.14 indicates general dissolution of the Pd 

surface after polarization to high potentials in 1 M solution. In acidic Cl
-
 environments, 

Pd is expected to dissolve and form a PdCl4
2-

 complex at 0.7 VSCE based on 

thermodynamic principles [4] (see Chapter 4). However, potentiostatic polarization of Pd 

at 0.45 VSCE, below the critical dissolution potential from the polarization scans shows no 

apparent dissolution, see Figure 5.15. The increase in the current density seen at 0.65 

VSCE likely corresponds to the switch from current primarily due to H oxidation to a 

dissolution type reaction. 

Optical images, Figure 5.16, after the cyclic polarization experiments in 1M HCl 

indicate that grain anisotropy in terms of the dissolution behavior exists in the case of the 

fcc structure, but not in the pT structural state. SEM microscopy and potentiostatic 

polarization were used to further elucidate this behavior. SEM micrographs after the 

cyclic polarization scan are shown in Figure 5.17. It is apparent that the dissolution is 

proceeding crystallographically; each grain exhibits characteristic dissolution 

morphology and structural features are aligned along specific directions. Moreover, 

incipient dissolution has 3 or 4-fold symmetry depending the grain. This behavior is often 



189 

 

 

 

seen in etched surfaces where different crystallographic orientations and dislocations 

show characteristic etch pit symmetry [5]. 

Potentiostatic polarization at 0.45 VSCE in deaerated 1 M HCl solution was used to 

compare the behavior of the fcc and pT Fe50Pd50 structural states under conditions of 

congruent dissolution. In the case of the pT structure, Figure 5.18, the current density is 

higher than in the case of the fcc structure, Figure 5.19. The total charge density (per 

time) in the pT case is an order of magnitude higher than the fcc structure. The surface 

morphology of fcc Fe50Pd50 shows dissolution that depends specifically on grains. In 

contrast, while dissolution of the pT surface is not perfectly uniform it does not correlate 

to each grain. The faceted features are less distinct than the grain size of the pT Fe50Pd50 

sample. In contrast, the grains in the fcc Fe50Pd50 sample have corroded to distinctly 

different depths. The grain orientation-dissolution depth relationship is presented in 

Chapter 6.  

SEM/EDS analysis was used to show that Fe and Pd are dissolving from both 

structural states congruently during polarization of the Fe50Pd50 alloys at 0.45 VSCE.
22

 

This analysis was presented in Chapter 4 for the Fe-Pd alloys, including fcc Fe50Pd50. The 

SEM micrographs and compositional analysis across the interface between the insulated 

and exposed areas are shown for here for the fcc (Figure 4.22) and pT (Figure 5.21) 

structural states of Fe50Pd50. The total charge density on the exposed region of the fcc 

structure is 3.99 C/cm
2
 and the pT structure is 6.5 C/cm

2
. The fcc structure shows the 

expected grain dependent morphology. The pT structure shows some grain dependent 

                                                 
22

 More than 80% of the characteristic x-rays are generated within the first 0.33 µm of the surface at an 

accelerating voltage of 15 kV (See Chapter 4). 
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morphology that is not seen after increased dissolution (compare Figure 5.21 to Figure 

5.18, the latter case total charge density of 11.1 C/cm
2
, nearly 2 times higher than Figure 

5.21). The early stage dissolution growth of pT Fe50Pd50 is also discussed in Chapter 6. 
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Figure 5.11. Open circuit (left) and Cyclic E-logi (right) behavior in deaerated 0.1 M HCl 

solution at a scan rate of 1 mV/s (direction indicated by arrows). Dashed lines indicate 

potentiostatic polarization potentials. The current for high purity polycrystalline Fe is above the 

current cutoff threshold and is represented by a single point. For reference, the potentials of 

various oxidation reactions are shown (solid lines) at pH 1 and species concentrations of 10
-6

 M. 

Oxidation of Fe to aqueous Fe
2+

 is at -0.86 VSCE and HER is at -0.3 VSCE. 
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Figure 5.12. Open circuit (left) and Cyclic E-logi (right) behavior in deaerated 1 M HCl solution 

at a scan rate of 1 mV/s. The dashed line on the E-logi plot indicates the 0.45 VSCE potential used 

for the potentiostatic polarization experiments. For reference, the potentials of various oxidation 

reactions are shown (solid lines) at pH 0 and species concentrations of 10
-6

 M. 
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Figure 5.13. Total accumulated anodic charge for Fe50Pd50 fcc and pT during a 2 hour 

potentiostatic polarization in 0.1 M HCl solution. The structural state with the higher 

charge at each potential corresponds to the state with higher current density at that 

potential during cyclic polarization in Figure 4.12. 
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Figure 5.14. Through focus optical micrographs of the Pd surface after polarization to 0.9 VSCE in 

deaerated 1 M HCl solution (Figure 5.12) showing significant Pd dissolution. 
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Figure 5.15. Potentiostatic polarization of Pd (left) in deaerated 1 M HCl solution at 0.45 VSCE for 3600 

s. The optical micrograph shows little corrosion of the surface. It is worth noting that the potential was 

applied immediately after contact with the solution (no OCP hold) and therefore limited H charging of the 

Pd, see Section 5.8. 

  
Figure 5.16. Optical micrographs of the surface of pT (left) and fcc (right) Fe50Pd50 after polarization in 

deaerated 1 M HCl solution to 0.6 VSCE (Figure 5.12). The pT structural state generally uniform surface 

morphology with region of increased morphology. The fcc structure shows grain dependent etched-like 

morphology. 
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Figure 5.17. SEM micrographs of the surface morphology of fcc Fe50Pd50 after a 1 hour 

open after open circuit potential and cyclic polarization in 1 M HCl solution. Grains (top, 

outlines added for illustration) show crystallographic dependent dissolution 

characteristics. The higher magnification micrographs show ‘etch-pit’ dissolution with 

four-fold symmetry (lower left, right grain) and three fold symmetry (lower right) in a 

different grain.  
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Figure 5.18. Potentiostatic polarization of pT Fe50Pd50 at 0.45 VSCE in deaerated 1 M HCl 

solution (left). The total charge during polarization is 11.1 C/cm
2
. The SEM micrograph 

(right) shows the post corrosion surface morphology. Some faceting is seen, but at length 

scales smaller than the grain size. 
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Figure 5.19. Potentiostatic polarization of fcc Fe50Pd50 at 0.45 VSCE in deaerated 1 M HCl 

solution (left). The total charge during polarization is 2.2 C/cm
2
. The SEM micrograph 

(right) shows the post corrosion surface morphology which indicates a strong grain 

dependence. 
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Figure 5.20. SEM micrograph (left) and EDS line (right) scan of fcc Fe50Pd50 after potentiostatic 

polarization in 1 M HCl solution at 0.45 VSCE for 400 s with total accumulated charge of 3.99 

C/cm
2
. The SEM micrograph indicates grain specific faceted behavior after dissolution. The line 

scan, indicated by the arrow, is across the interface of the lacquered region (on the left) which is 

protected from solution. No significant qualitative compositional variations are observed between 

the protected and dissolved areas.
23
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Figure 5.21. SEM micrograph (left) and EDS line (right) scan of pT Fe50Pd50 after potentiostatic 

polarization in 1 M HCl solution at 0.45 VSCE for 400 s with total accumulated charge of 6.50 

C/cm
2
. The line scan, indicated by the arrow, is across the interface of the lacquered region (on 

the left) which is protected from solution. No significant qualitative compositional variations are 

observed between the protected and dissolved areas. 

                                                 
23

 The divergence between the EDS measured composition and the nominal composition is due to limiting 

the beam energy to 15 keV. This energy is only twice the binding energy of Fe (Kα = 6.4 and Kβ = 7.1 keV) 

resulting in the measured compositions lower in Fe than nominal. This accelerating voltage was used to 

limit the beam interaction depth to 0.33 µm to better measure the surface composition. 
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5.5.3  Electrochemical Behavior in Passive Environments and Localized Breakdown 

Passive behavior is expected for both Fe and Pd at high pH except that the 

Pd/PdO reaction requires quite oxidizing potentials [6]. Polarization at pH 11 in NaOH, 

shown in Figure 5.22, shows passive behavior for Fe and both states of Fe50Pd50 all with 

passive (and/or non-Faradaic) current densities less than 10
-5

 A/cm
2
. The current increase 

around 0.75 VSCE is likely due to oxygen evolution (no dissolution is apparent in optical 

micrographs, not shown here). The anodic peak on Pd around 0.3 VSCE is likely due to 

formation of the PdO or PdO2 oxides. The half-cell potential for Pd oxide formation 

(PdO) is 0.1 VSCE. The downward scan on Pd produces higher open circuit potentials 

which suggest reduction of produced O2 (ORR) and reduction of the oxide. The passive 

current density of the fcc Fe50Pd50 is similar to Fe and is larger than that for the pT 

structure (Figure 5.22, left). The ORR influenced open circuit potential on the downward 

scan is the same on both alloys but the current density remains slightly higher in the fcc 

structure. 
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Figure 5.22. E-logi behavior in deaerated 1 mM NaOH (pH 11) at scan rate of 1mV/s. The full 

scan for fcc and pT Fe50Pd50 is expanded on the right. For reference, the potentials of various 

oxidation reactions are shown (solid lines) at pH 11 and species concentrations of 10
-6

 M. At this 

pH, Fe oxidization Fe/Fe3O4 is at -0.98 VSCE and HER is at-0.89 VSCE. 
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The dependence of passive film breakdown on the fcc and pT Fe50Pd50 structure 

was studied in basic Cl
-
 environments. The E-logi behavior in 2 M Cl

-
 at pH 11 is shown 

in Figure 5.23. In this alkaline environment Fe undergoes passive film breakdown at -0.3 

VSCE. Pd remains non-faradaic and then passive over this potential range. At the highest 

potentials, Pd exhibits OER. Behavior is similar to the pH 11 solution without chloride. 

In the reverse scan, fast ORR produces high open circuit potentials. The fcc and pT 

Fe50Pd50 samples show similar breakdown potentials at about 0.6 VSCE. Little discernible 

difference in E-logi behavior exists between the two structural conditions (Figure 5.23). 

However, the surface morphology is different. The morphology of the fcc structure shows 

some grain dependent dissolution similar to behavior observed in HCl environments. The 

pT structure shows a more uniform type of dissolution morphology. 

Polarization behavior in 0.06 M NaCl (pH 6) and 0.6 M NaCl (pH 6) solution is 

shown in Figure 4.24 and Figure 4.25, respectively. In these environments, Fe is fully 

active and does not exhibit any passivity. Pd shows non-Faradaic/passive behavior with 

current density less than 10
-6

 M/cm
2
. A slight current increase is observed at potentials 

where formation of PdO would be expected. The two structural forms of Fe50Pd50 both 

exhibit pitting behavior. Micrographs of the surface morphology are shown in Figure 

5.26 (0.06 M NaCl) and Figure 4.26 (0.6M NaCl). Both alloys exhibit slightly more rapid 

repassivation during downward scans in contrast to the higher pH and Cl
-
 environment 

where dissolution was sustained. The breakdown potentials are summarized in Table 4.7. 

The critical potentials appear systematically lower in the case of the fcc structure 

suggesting some underlying structure dependent passivity. Similar behavior was observed 
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through three experiment repetitions in each condition, but sufficient experimental 

repetitions to satisfy statistical analysis of such similar potentials were not undertaken. 

Table 5.2. Table of critical potentials (VSCE) in neutral and basic NaCl environments. In neutral 

environments both structural states of Fe50Pd50 undergo pitting type breakdown of the passive film. In 2 M 

NaCl+NaOH solution a more uniform type of dissolution is observed. 
 

Solution 0.06 M NaCl 0.6 M NaCl 2 M NaCl 

pH 6 6 11 

Fe50Pd50 fcc 0.50 0.46 0.58 

Fe50Pd50 pT 0.49 0.41 0.55 

Fe active active -0.26 

Pd immune immune immune 
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Figure 5.23. Fe50Pd50 E-logi behavior in deaerated 2 M NaCl + 1 mM NaOH solution (pH 

11) at 1mV/s. For reference, the potentials of various oxidation reactions are shown (solid 

lines) at pH 11 and species concentrations of 10
-6

 M. At this pH, Fe oxidization Fe/Fe3O4 

occurs at -0.98 VSCE and the reversible potential for HER occurs at-0.89 VSCE. 
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Figure 5.24. Optical micrographs (top) and SEM micrographs (bottom) of Fe50Pd50 fcc 

(left) and pT (right) surface after cyclic polarization in 2 M NaCl solution at pH 11 to a 

peak potential of about 0.65 VSCE (Figure 5.23). In the fcc structure areas showing pit-

like features, but is dominated by grain dependent dissolution characteristics typical of 

the fcc structure Cl
-
 solutions. The pT shows some grain dependence in its dissolution 

behavior but the morphology is predominantly more uniform type corrosion. 
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Figure 5.25. Cyclic E-logi behavior in 0.06 M NaCl solution at pH 6 at a scan rate of 1 

mV/s. For reference, the potentials of various oxidation reactions are shown (solid lines) 

at pH 6 and species concentrations of 10
-6

 M. The Fe/Fe
2+ 

(aq) reaction is at -0.86 VSCE 

and hydrogen evolution (H+/H2) reaction is at -0.60 VSCE. No Pd-Cl
-
 complex is formed 

at this pH. 

  
Figure 5.26. SEM micrographs for fcc Fe50Pd50 (left) and pT Fe50Pd50 (right) after cyclic 

polarization in deaerated 0.6 M NaCl solution (Figure 4.24) showing characteristic 

surface features. The accelerating voltage is 15 kV and working distance is 15 mm. 
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Figure 5.27. Cyclic E-logi behavior in 0.6 M NaCl solution at pH 6 at a scan rate of 1 

mV/s. For reference, the potentials of various oxidation reactions are shown (solid lines) 

at pH 6 and species concentrations of 10
-6

 M. Fe oxidation to Fe
2+

 occurs at -0.86 VSCE. 

No Pd-Cl
-
 complex is formed at this pH. 

  
Figure 5.28. Optical micrographs for fcc Fe50Pd50 (left) and pT Fe50Pd50 (right) after 

cyclic polarization in deaerated 0.6 M NaCl solution (Figure 4.25) showing characteristic 

surface features. The apex potentials were between 0.4 and 0.5 VSCE. Both structural 

states exhibit pitting behavior.  
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5.6  Discussion  

5.6.1  Benefit of Pd 

High purity, polycrystalline Pd has a high anodic current density despite the fact 

that immune behavior is expected thermodynamically [6]. In the results section and the 

appendix to this chapter (Section 5.8) it was shown that dissolution does not occur at 

these potentials. Instead Pd is acting as a hydrogen electrode due to absorption and 

subsequent oxidation of H. 

In acidic chloride environments, Pd exhibits dissolution at elevated potentials 

(Figure 5.12) due to Cl
-
complexation to PdCl4

2-
. While in non-Cl

-
 acidic environments 

formation of a passive film on Pd is seen at 0.6 VSCE in 1M H2SO4 solution (Figure 5.8). 

In this environment, Pd serves as a beneficial solute by suppressing dissolution of both 

structural states of Fe50Pd50 in H2SO4. The effect of the change between fcc and pT 

Fe50Pd50 in structure is minimal. At 50 at% Pd, the Pd is likely higher than the parting 

limit (see discussion of Chapter 4) preventing preferential Fe dissolution from penetrating 

the alloy. In the potential range lower than Pd oxidation, Fe dissolution is prevented due 

to dissolution moderating effect of Pd alloying. In the disordered structure where 

fluctuations in structure are higher than in a compositionally periodic structure, the 

concentration of Pd remains high enough around each Fe atom to inhibit dissolution 

(Figure 5.3-5.4). It is likely that the concentration of Pd is reasoned to remain high 

enough that any effect due to disordered structure is minimal. 

In the passive (No Cl
-
) case where both Fe and Pd are passive, Pd alloying 

appears to lower the passive current density for ordered pT Fe50Pd50, see Figure 5.22, 
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compared to the fcc case. Dissolution in acidic environments and localized breakdown of 

the passive films (Table 4.7) both occur at elevated potentials compared to Fe, likely due 

to the effect of Pd alloying. There seems to be a systematic dependence on structure and 

pitting potential, but the potentials are within a 5 mV and any difference has a minimal 

effect. This behavior is also seen in the basic-pitting environment (Figure 5.23), but the 

more profound structure dependence is observed in the surface morphology (Figure 

4.29). The fcc surface is similar to that observed in acidic conditions in that grains show 

grain specific features. 

5.6.2  Morphological Difference Due to Structure  

The alloy structure has a pronounced effect on the morphology after corrosion. 

This effect is one of the areas where the role of structure is extremely apparent. This 

behavior was observed under passive-localized breakdown conditions and also in acidic 

chloride environments. Acidic chloride environments share some similarities to the basic-

pitting case as during localized pitting events hydrolysis of the cation (Fe/Fe
2+

/Fe
3+

) 

acidifies the solution which could in turn create situations where complexation of Pd is 

likely. In acidic environments this behavior is much more easily controlled using simple 

electrochemical techniques. 

Potential controlled dissolution and subsequent surface morphology of pT (Figure 

5.18) and fcc (Figure 5.19) Fe50Pd50 highlights this effect. Polarization to an anodic 

potential of 0.45 VSCE is above the oxidation potential of both Fe/Fe
2+

 and Pd/PdCl4
2-

. 

Moreover, the alloy does not exhibit any through-thickness preferential dissolution of Fe 

in either structural state of Fe50Pd50 (Figure 4.22 and Figure 5.21). These conditions (1 M 
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HCl solution and an applied potential of 0.45 VSCE) are ideal for studying the underlying 

structure dependence of the dissolution induced surface morphology. 

The fcc structure showed crystallographic dependent dissolution. Incipient 

dissolution pits on the surface show three-fold and four-fold symmetry (Figure 5.17) 

which is often indicative of the underlying grain orientation. For example, pits of a CdTe 

cubic structure has been shown to exhibit two-fold symmetry in {110} orientated grains, 

three-fold in {111} oriented grains and four-fold symmetry in {100} oriented grains [7]. 

Different grains within the fcc Fe50Pd50 surface exhibit different amounts of dissolution 

(Figure 5.19-4.22). This suggests that the amount of dissolution has an underlying 

dependence on the grain orientation. Chapter 6 presents a detailed study correlating the 

dissolution rate to the grain orientation in fcc Fe50Pd50. 

At early stages of the dissolution (also at 0.45 VSCE in 1 M HCl solution: Figure 

5.7 and 5.21), the poly-twinned surface structural features are easily identifiable. After 

increased dissolution, any grain dependence appears to be lost (Figure 5.18). Moreover, 

during polarization the pT structure had a significantly higher total anodic charge 

indicative of an increase in dissolution compared to the fcc structure. 

In Chapter 6, the crystallographic dependence on dissolution in fcc Fe50Pd50 will 

be correlated with the initial grain orientation. This behavior will be compared and 

contrasted at different amounts of total dissolution to the behavior of the pT structure. 

5.7  Conclusion 

Pd bestows immunity from corrosion in the Fe50Pd50 alloys in H2SO4 solution up 

to 0.6 VSCE. No significant difference between fcc and pT Fe50Pd50 was observed. In 
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environments that enable passivity, the structural effect is also not very pronounced. In 

neutral environments, both structural states undergo localized breakdown of the passive 

film at similar potentials. In basic environments similar breakdown potentials are 

observed for both crystalline states, but distinctly different surface morphologies are 

apparent. 

The effect of structural change from the disordered fcc and ordered pT Fe50Pd50 is 

most readily apparent in the dissolution rate and corrosion induced morphology in acidic 

Cl
-
 environments. The disordered fcc structure undergoes less dissolution than the pT 

structure and it displays grain characteristic morphology. This grain dependent 

morphology can be investigated in HCl solution under conditions of congruent 

dissolution of both Fe and Pd from both crystalline states of Fe50Pd50. 
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5.8  Appendix 1. H Absorption on Pd and Fe50Pd50 

5.8.1  Pd as a Hydrogen Electrode  

In this section it will be shown that Pd is acting as a hydrogen electrode and that 

H oxidation dominates the E-logi behavior of Pd. This behavior is suggested due to the 

sustained high current densities during polarization in acidic environments (e.g., see 

Figure 5.12) and no corresponding dissolution of the surface. The first step of the 

hydrogen evolution reaction (HER) is the deposition of H from solution H
+
 solution to 

form Habs: 

                  (1) 

where M is a metal. To form H2 some an additional mechanism must also occur. Two 

examples are recombination (with another Habs) or a reaction with another H
+
 cation in 

solution. In the case of Pd, HER has an extremely high exchange current density (jo), >10
-

4
 A/cm

2
, which is higher than all other pure metals except Pt [8]. Moreover, Pd acts as 

oxygen electrode as is apparent by cathodic current corresponding to the oxygen 

reduction reaction (ORR) potential during the reverse scan following anodic oxygen 

evolution (see Ch. 4 and around 0.5 VSCE in Figure 5.22). The high rate of these reactions 

underlies the use of Pd as a catalyst in fuel cells and other applications (e.g., HER [9] and 

ORR [10]). 

The solubility limit of H in Pd is about 0.69 M Habs per M of Pd [11, 12]. H 

absorbs into interstitial octahedral sites in the Pd fcc lattice resulting in a lattice 

expansion. At H concentrations up to 1.5%, the lattice expands from 0.3889 nm to 0.3894 

nm, and H is absorbed into the α-phase; above this concentration, the hydride β-phase, 
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PdH2, is formed which entails a further expansion of the lattice parameter to 0.404 nm 

[13]. The H diffusivity of α-phase Pd at room temperature determined by electrochemical 

permeation studies is on the order of 10
-7 

cm
2
/s: 3.3·10

-7
 cm

2
/s [14] and 1.25·10

-7 
cm

2
/s 

[15] and 6.3·10
-7 

cm
2
/s [16] . For comparison, Hdiff for metals with high Hdiff, in cm

2
/s: Ti 

(10
-7

); V (10
-5

), Nb (10
-6

), Ta (10
-6

) [16], Fe (10
-5

)[17]. The mechanism of H diffusion 

involves jumps between adjacent octahedral sites in both the α and β -phase [18, 19]. 

High Hdiff and large H solubility are why Pd and alloys involving Pd are often considered 

for H storage and membranes [20], and underlie the high exchange current densities for 

both HER and ORR. 

 At open circuit, there are two cathodic reactions and one anodic reaction. The 

cathodic reactions and their corresponding Nernst potentials, E0, are HER, Eq. 5.2, and 

formation of the Pd hydride, Eq. 5.3. 

          ( )                     (5.2) 

                                      (5.3) 

The anodic reaction is the oxidation of the intermediary Habs, reverse of Eq. 5.2, and the 

Pd2H, reverse of Eq. 5.3. On Pd, the equilibrium between these anodic and the cathodic 

reactions defines the open circuit, which operates as a hydrogen electrode. At pH 0, as in 

1 M HCl solution, the Nernst potentials of HER are -0.241 VSCE and the Pd hydride 

formation potential is -0.193 VSCE. The experimental open circuit potential dependence 

on [H
+
] for three concentrations of HCl is in Table 5.3. The open circuit potential in 1 M 

HCl solution corresponds to an equilibrium potential determined by the Pd2H oxidation. 

However, the difference between these values is 0.03 V. Based on the pH dependence in 
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Eq. 5.2 and 5.3, the expected difference is 0.059 V. The difference is likely due to kinetic 

considerations. 

Table 5.3. Pd experimental open circuit potential in HCl solution at three concentrations. 

The open circuit potentials are constant with respect to time and they increase by 0.30 V 

per order of magnitude increase [H
+
] The open circuit potentials are reproduced here 

from Figure 5.33. 
 

HCl solution 

centration 

Exp. Open Circuit 

Potential (VSCE) 

Nernst Potential (VSCE) 

(PdH2 oxidation) 

0.01 M -0.24 -0.311 

0.1 M -0.21 -0.252 

1.0 M -0.18 -0.193 

  

At potentials higher than HER, H absorption can still occur despite that that H 

oxidation is the thermodynamically favored reaction. This process is well known on Pd 

electrodes and other noble metals, and is called under potential adsorption because on a 

negative scale potential it is lower than the HER potential [21]. Under potential 

absorption gives rise to additional absorption that is not expected from considering just 

the Nernst potentials. 

The effect of absorbed H on the E-logi behavior of a Pd electrode is demonstrated 

in cyclic voltammetry (CV) experiments in 1 M HCl, shown in Figure 5.29. To oxidize 

any absorbed H, the Pd electrode was held at 0.3 VSCE, an over-potential of 0.4 V with 

respect to the open circuit potential, for 10 hours. During the H oxidation conditioning 

stage, the current decayed to a steady state of 1.3·10
-5

 A/cm
2
. The initial cycle of the CV 

began at 0.1 VSCE to avoid any H charging effect. The upwards scan showed non-faradaic 

behavior and the current depends only on the capacitive current (I = C·dV/dt). The 

minimum potential of the downward sweep of the CV was -0.5 VSCE. This portion of the 

CV charged the Pd electrode with H. During the second upward scan the current 
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increases by two orders of magnitude due to oxidation of the Habs. Thus, Habs is oxidized 

and dominates the E-logi behavior and Pd oxidation (Pd/Pd
2+

) is not operative until the 

Pd
2+

 chloride complex, PdCl4
2-

, is formed. 

A series of charging and discharging potentiostatic polarizations corroborates this 

behavior. The charging cycles were at a potential of -0.35 VSCE (under-potential of 0.25 

V with respect to open circuit) and discharge cycles were at 0.35 VSCE (over-potential of 

0.45 w.r.t. open circuit). Again, these potentials were chosen because they are well below 

and well above the Nernst potential for the Habs/Habs oxidation reactions, E0 = -0.193 

VSCE. The current profiles during these steps are shown in Figure 5.30. The cathodic 

charging steps (of 1 hour, cycle 1, and about 2 hours, cycle 2) showed the same trend in 

current time behavior. The discharge cycles shows an increase in overall anodic current 

density from the open circuit discharge cycle (no under-potential charging stage) to the 

cycles with charging stages. The anodic current increases with charging duration. These 

results are summarized in Table 5.4. 

Table 5.4. Pd charge density during H charging and discharging stages in deaerated 1 M 

HCl solution. Charging was performed using potentiostatic polarization at -0.35 VSCE 

(under-potential of 0.15 V w.r.t. E0) and discharge cycles at 0.35 VSCE (over-potential 

0.55 V w.r.t. E0). 
 

Stage Potential (VSCE) Time (s) Charge (C/cm
2
) 

Discharge After 

OCP 

0.20 3600 
0.372 

Charge 1 -0.35 3600 -0.710 

Discharge 1 0.20 3600 0.555 

Charge 2 -0.35 6200 -1.178 

Discharge 2 0.20 3600  1.114† 
† An extrapolation of the discharge cycle to the background value was used because the sample 

was not fully discharged after 3600 s. 
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The current density of the hydrogen discharge depends on the diffusivity, DH, the 

diffusible hydrogen concentration CH,diff and the time as shown in Eq. 4, 

        
 

  
(
  

  
)
    

    (4) 

where n is the oxidation number of H [22]. Thus, the current due to H diffusing out of 

metal is proportional to t
-½

. The discharge cycles are plotted as a function of the square 

root of time in Figure 5.31. The slope of both discharging cycles is about 1·10
-5

 

A·cm
2
/s

½
. After 900 s (30 √s) the discharge curve for cycle one deviates from linearity 

and asymptotically approaches the background. Similarly, for cycle two this deviation 

occurs at about at 1200 s (35 √s). The behavior during the OCP-discharge cycle shows 

similar characteristics to the charge-discharge curve. The initial behavior is similar and 

there is a linear region, albeit a different slope, and a similar asymptotic tail, but the curve 

is dominated by the underlying background behavior. It is likely that some hydrogen 

absorption occurred during the OCP hold and some occurs during the discharge cycle due 

to under-potential absorption. The increase in maximum current density after increased 

charging duration suggests that the overall solubility limit of Habs in Pd has not been 

reached. 
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Figure 5.29. Cyclic E-logi behavior in deaerated 1 M HCl solution at 1 mV/s. The sample was 

initially conditioned by charging at 0.2 VSCE for 8 hours to remove any absorbed H. The initial 

cycle began at 0.1 VSCE, an over-potential to the Habs reaction, and cycled to 0.4 VSCE. The 

polarization behavior is non-Faradaic and is the capacitive current (i = C·dV/dt) on Pd. The 

downward scan to -0.5 VSCE induces H absorption (H
+
+e

-
Habs) and the subsequent cycle shows 

an increase in the current density due to the Habs oxidation to H
+
 oxidation reaction. 
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Figure 5.30. Pd current vs. time behavior during alternating H charging and discharging cycles 

as a function of charging duration. H charging was performed using potentiostatic polarization at 

-0.35 VSCE (under potential -0.15 V) and H discharge cycles at 0.2 VSCE (over potential 0.2 VSCE). 

At 3600 s, the current during discharge decays to 6·10
-5

, and at 18 ks (not shown) the current 

decays to steady state at 2.4·10
-5

 A/cm
2
. At 36 ks, the current showed limited decay to 1.28·10

-5
 

A/cm
2
. 
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Figure 5.31. Pd current-√t dependence during the discharge cycles at 0.2 VSCE in 

deaerated 1 M HCl solution. The current increases with respect to charging time. The 

slope of the discharging current is linear (with respect to √t) from 10 to 30 √s. The slopes 

of after both charging cycles is about 1·10
-5

 A·cm
2
/s

½
. 
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5.8.2  The Role of H absorption on Pd 

In acidic Cl
-
, the behavior of Pd and the Fe50Pd50 alloys merit careful analysis. 

The polarization curve in the 1 M HCl condition is reproduced in Figure 5.32, with likely 

underlying reactions shown schematically for illustration purposes. At elevated 

potentials, the PdCl4
2-

 complex is responsible for the increase in current as was described 

in Figure 5.15. The current density is independent of potential indicating a diffusion 

limited current density, ilim, of 1.4·10
-3

 A/cm
2
. The anodic limiting current for the 

H→H
+
+e

-
 or PdH→H

+
+Pd+e

-
 reaction is: 

     
      

 
,      (5) 

where δ is the diffusion layer thickness, DH is the diffusivity of H in Pd, n is the number 

of electrons (1) per H and CH is the absorbed H concentration. If δ is assumed to be 10 

µm, and the DH is 3.3·10
-7

cm
2
/s, the limiting current density can be used to calculate the 

concentration of H in Pd. Under these assumptions and with ilim = 1.4·10
-5

, the 

concentration of H in Pd is 4.4·10
-5

 mol/cm
3
. The volume of 1 mol of Pd is 8.851 

cm
3
/mol. The molar ratio of absorbed hydrogen to result in this limiting current density is 

3.89·10
-4

 [H]/[Pd]. This concentration is well within the solubility limit of Pd (0.69) and 

also the α-phase Pd solubility limit of 0.015. 

The total charge during the scan above the open circuit potential and below the 

critical potential is approximately 1.1 C/cm
2
 assuming no contribution of the underlying 

Pd dissolution reaction to the critical potential. The total charge during the charging 

portion of the cycle below open circuit is 0.1 C/cm
2
 during the charging portion of the 
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cycle. This suggests substantial H absorption during the open circuit (1 hr, proceeding E-

logi scan) and also under potential H absorption above the open circuit potential. 
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Figure 5.32. E-logi behavior in in deaerated 1 M HCl solution with likely operating 

reactions illustrated. The Tafel slope of the HER assumed to be 118 mV/decade and 

corrosion current density is 10
-5

 A/cm
2
. The hypothetical Pd oxidation reaction 

(Pd/PdCl4
2-

) has a 59mV/decade Tafel slope and exchange current density of 10
-7

 A/cm
2
. 

The limiting current density, ilim, is about 1 10
-3

 A/cm
2
. Based on the observed behavior, 

it is likely that the HER reaction has a very high exchange current density (10
-4

 A/cm
2
 

[8]) while the Pd oxidation reaction has a much lower exchange current density. 
 

The open circuit corrosion rate and subsequent anodic current density including 

the limiting current density is drastically lower in the 0.5 M H2SO4 solution which has the 

same concentration of [H
+
]. At similar overpotential to the open circuit the current 

density is three orders of magnitude higher with 1 M Cl
-
 in solution. The reason for the 

behavior is unclear. Cl
-
 could be acting to accelerate the H absorption and the HER 



215 

 

 

 

reaction. There could be electrostatic attraction between surface Cl
-
 and H

+
 cations. Bare 

metal absorption on Fe is about 10
-9

 mol/cm
2
 in 10

-3
 Cl

-
 concentration [23]. Cl

-
 

adsorption on the surface could also facilitate the Habs reactions thereby increasing HER. 

Alternatively, SO4
2-

 could be inhibiting the HER reaction. 

5.8.3  Effect of Hydrogen during Open Circuit Behavior: Structure Dependence 

In a wide variety of solution environments the open circuit increases from an 

initial potential roughly equivalent to the expected HER potential to one at least 300 mV 

higher. This potential rise occurs over the first few hundred seconds of the open circuit 

measurement. In Chapter 4, this behavior was seen for both fcc compositions in acidic 

HCl solution and neutral and basic NaCl solution. In this chapter, similar behavior was 

seen for both fcc and pT Fe50Pd50 in acidic HCl solutions, without Cl
-
 anions in acidic 

H2SO4 solution, and in basic NaCl solution. The rise in potential is seen in open circuit 

potentials after a cyclic scan to potentials below HER, but is not seen after a 

potentiostatic polarization at anodic potentials. This suggests that the underlying behavior 

is determined by hydrogen. This behavior is not a function of Cl
-
 and also is most likely 

not due to any dealloying effects. Dismissing dealloying effects is supported by similar 

behavior observed in pH 11 NaCl solution where Fe is passive and not expected to 

dissolve. Additionally, this behavior occurs within the first few hundred seconds of the 

open circuit. Even at high open circuit corrosion current densities, the dissolution rate is 

too low for any significant dealloying effect.
24

  

                                                 
24

 Let’s assume the corrosion current density is 10
-6

 A/cm
2
, as in the 1 M HCl solution experiments. If the 

duration of the dealloying behavior is 600 s, then a total charge on the samples is 0.6 mC/cm
2
. This charge 
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The focus of this section is to analyze the potential rise using a series of long 

duration open circuit potentials with minimized time between solution contact with the 

working electrode before the start of data acquisition. Using these experiments the 

structural dependence of HER and Habs can be explored for both Fe50Pd50 structures. 

The series of open circuit measurements in deaerated 0.01 M, 0.1 M and 1 M HCl 

solution for each structural state and Pd are shown in Figure 5.33. In all three 

concentrations, the open circuit potential of Pd, as a hydrogen electrode, does not vary 

significantly. Both pT and fcc Fe50Pd50 structural states show the characteristic increase 

during the initial few hundred seconds in all conditions except pT in 0.01 M. the time 

until a change in convexity, τ, during the rise in the open circuit potential was determined 

for each solution concentration is plotted in Figure 5.33. The pT condition shows smaller 

τ values in all the conditions.  

  

                                                                                                                                                 
amounts to the dissolution of 1.2·10

-10
 m based on Faraday’s law. With a lattice parameter of 0.38 nm, 

about 0.5 monolayer of Fe dissolution would have occurred. In the less caustic environments the corrosion 

current density is lower, and any dissolution would be correspondingly lower. 
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Figure 5.33. Open circuit behavior in 0.01, 0.1 and 1 M HCl solution for Fe50Pd50 fcc 

(upper left), Fe50Pd50 pT (upper right), and Pd (lower left). The τ- concentration plot 

(lower right) shows the time until a change in convexity of the potential rise during the 

open circuit exposures as a function of HCl solution concentration. The open circuit 

potential of the Fe50Pd50 pT structure rises more rapidly than the fcc structure. 
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5.8.4  Effect of Structural Change on the HER reaction 

The rise in open circuit potential is faster for ordered pT Fe50Pd50 than the 

disordered fcc Fe50Pd50 (Figure 5.33). The structural dependence is likely due to the 

effect of the different structural states on the kinetics of the HER reaction. Possible 

factors contributing to this behavior are discussed. 

Alloying of Pd with transition metals generally reduces the exchange current 

density, io, of HER [8] compared to pure Pd. In bimetallic systems it has been shown that 

Pd over-layers on different metal substrates effects the surface reaction rate on Pd and the 

free energy of Habs resulting in large changes to the surface coverage and decreasing i0 by 

two orders of magnitude [24, 25]. 

Alloying Pd would also reduce the solubility of H into the alloy matrix compared, 

but the total dissolved hydrogen is likely below this limit. The diffusivity typically 

decreases due to alloying. In Pd-Ag alloys, such a trend is seen [26]. H diffusion also 

occurs by interstitial motion [27], and in pure bcc Fe Hdiff is about 10
-5

 cm
2
/s [17], which 

is faster than Hdiff for fcc Pd. While these are not directly applicable to the Fe50Pd50 

system, the key observation is that the structural state of the alloy can also affect both the 

solubility and the diffusivity. Diffusion in a disordered structure involves atomic motion 

that is not as bound by the constraints due the ordered crystalline structure. In amorphous 

alloys, which are neither ordered nor crystalline, the atomic diffusion rate is thought to be 

higher, although that is not universally true [28]. Hdiff can change based on an amorphous, 

crystalline and deformed crystalline structure; for the amorphous structure Hdiff increase 

by several orders of magnitude at low [Habs] likely due to density of favorable sites for 
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hydrogen diffusion [29, 30]. The number of dislocations in a metal can also be 

detrimental to the diffusivity. In cold worked Pd, the diffusivity of H was greatly reduced 

compared to annealed Pd at concentrations below 10
-3

 [H]/[Pd] [29]. 
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6    Dissolution Anisotropy in Fe50Pd50 

6.1  Abstract 

Dissolution of disordered fcc equiatomic FePd in 1 M HCl solution was strongly 

related to crystallographic orientation. The susceptibility to dissolution in this acidic 

environment was characterized over a wide variety of grain surface plane orientations 

forming a representative picture the crystallographic nature of dissolution and surface 

roughness as a function of grain orientation. The near {100} oriented grains had low 

surface roughness and showed the highest resistance to dissolution. Grains with 

orientation within 2° the {111} plane normal were also morphologically smooth after a 

period of dissolution and were nearly as dissolution resistant as the {100} grains. Post 

corrosion surface roughness and dissolution were substantially increased for grain 

orientations near {110}. The orientations with the highest surface roughness and most 

dissolution represented by a dense set of terraces and ledges had orientations between 10 

and 20° from the {111} plane normal. Overall dissolution depth was found to linearly 

depend on angle from the {100} plane normal up to 40°. A linear dependence on angle 

was also seen up to 10° from the {111} plane normal; however, the rate of increase in 

dissolution (per °) was higher than that measured from the {100} plane normal. In 

contrast, no linear dependence was observed for orientations near the {110}. During 

dissolution the grains form a series of characteristic surface facets consisting of low 

dissolution rate terraces and faster dissolving ledges. The overall corrosion rate of an 

irrational given orientation is determined by how readily the surface can form low index 

facets. 
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Similar dissolution behavior was not observed for equiatomic ordered pT. Some 

grain based corrosion morphology is observed after low amounts of total dissolution, but 

this is predominantly obscured after increased dissolution. As the amount of dissolution 

increases the surface structure shows an increasing number of sub-grain sized pits 5-10 

µm in diameter. Dissolution occurs more quickly from the ordered pT structure than from 

the disordered fcc structure. This behavior is likely due to inherent differences in the 

bond strength between each state.  
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6.2  Introduction 

Many forms of corrosion exhibit a rate dependence that depends on 

crystallographic orientation, but the governing structural factors are not well understood. 

An early and prevalent example of corrosion anisotropy is etch pitting [1] which often 

results in a characteristic pit formation shape depending on the orientation of the grain, 

e.g., two-fold symmetry in {110} orientated grains, three-fold in {111} oriented grains 

and four-fold symmetry in {100} oriented grains [2]. The difference in corrosion 

behavior dependent on crystallographic orientations allows for fundamental explorations 

of the role of atomistic bonding, surface energy, surface relaxation and reconstruction and 

other structural factors on electrochemically controlled dissolution [3-7] and the metal-

oxide-solution interface during passivation and pitting corrosion [8-12]. 

There are typically two ways to investigate the influence of orientation on 

corrosion properties. The first is to utilize single crystals with surfaces of a specific 

orientation [6, 8, 11, 12], but these studies are often logistically limited to a few different 

orientations. Studies of polycrystalline samples [3, 5, 9, 10, 13, 14] enable the systematic 

analysis of many orientations, but there can be difficulty in achieving any specific 

orientation of interest or slight variation between orientations due to inherent 

crystallographic texture (e.g. developed during mechanical processing) which prevents 

access to certain orientations. Therefore, there are huge gaps in experimental findings 

regarding the crystallographic dependence of dissolution. The advent of somewhat 

automated electron backscattered diffraction (EBSD) coupled with confocal laser 

scanning microscopy (CLSM) or other surface topography measurement methods for 
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measuring dissolution depths and surface roughness now enables the detailed analysis of 

a sufficient number of contiguous grains to achieve true understanding of dissolution in 

polycrystalline systems as a function of crystal orientation. These results can be 

compared to materials factors such as surface energy and electron density. 

Dissolution of single crystal Al [5] in alkaline NaOH solution environments 

showed increased dissolution on {111} oriented grains. When Al was alloyed with minor 

additions of Zn, Mg, Si in solid solution [4, 13], an increase in dissolution was seen as the 

grain surface orientation approached {111}. In the case of Holme [4], a wide range of 

orientations (approximately 90) of Al-Mg-Si-Zn (precipitate hardened and not a complete 

solid solution) was studied and a linear dependence of dissolution depth on orientation 

was observed for Zn alloying concentrations above 0.2%. However, the orientation 

dependence of Al dissolution is clouded by the role of crystallographic orientation 

dependent Zn enrichment. Results of microcapillary experiments on specific orientations 

of bcc Fe in H2SO4 solution show that corrosion activity for the low index orientations 

decreases from highest activity to lowest from {001} > {111} > {101} based on the 

corrosion potential and Tafel slopes [3]. Detailed simulations of dissolution of hcp Mg, 

which considered the effect of surface relaxation, showed that the required dissolution 

potential is lower for atoms on (0001) plane compared to the (10-10) plane. This 

corresponded to a chemical potential difference of 50 meV with lower potential for the 

(10-10) plane [6]. There exist significant discrepancies regarding which orientations 

result in the least corrosion resistant, to dissolution or pitting, orientation. To date, no 

complete experimental dissolution study of a wide range and high number of fcc 
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orientations including orientations near the three low index orientations in the absence of 

enrichment and redeposition has been presented. Most studies neglect solid solution 

alloys and none have compared the effect of ordered vs. disordered states on this process. 

The aim of this work is to analyze the orientation dependence of dissolution on a 

model fcc Fe50Pd50 disordered solid solution alloy over a wide range of orientations 

including many small variations in orientation. Studying a model binary solid solution in 

HCL solution system benefits from a lack of precipitates and secondary phases found in 

many engineering alloys and allows for a fundamental investigation into the role of the 

surface structural orientation as it pertains to active electrochemical dissolution 

resistance. 

Results are presented on recrystallized polycrystalline disordered fcc Fe50Pd50, 

with no rolling or processing texture, after potential controlled dissolution in HCl under 

strongly oxidizing conditions above the dissolution potential Pd/Pd
2+

 (to PdCl4
2-

) reaction 

where no significant redeposition or enrichment of Pd occurred. An analysis of 300 

individual grains was performed. The orientation was determined for 7 regions each 

containing 30-50 grains. Subsequently, the depth of dissolution and resulting surface 

roughness were determined. Results are then correlated to surface orientation and 

comments are made regarding governing nanostructural features. 

6.2.1  Electron Backscatter Diffraction 

EBSD characterization is based on electron diffraction being used to form a 

characteristic pattern can be used to identify and the orientation of the grain and also its 

phase. When incident electrons interact with crystal planes, an incoherent scattering event 
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followed by Bragg scattering gives rise to intensity variations in the emitted electron 

intensity. The electron intensity variations form crystal plane dependent lines called 

Kikuchi lines. Each diffracting plane within a crystal orientation forms a Kikuchi band, 

or the 2 Kikuchi lines attributed to each plane. The superposition of these bands, from all 

the diffracting planes, forms a Kikuchi map and the location of the Kikuchi band 

intersection is defined by the orientation of a crystal. The Kikuchi map can compared to 

all possible calculated Kikuchi maps based on the crystal structure and orientation of the 

unit cell. Thus, EBSD can be used to determine the orientation of a grain. 

Conventionally, electron diffraction is achieved in an SEM by tilting the sample to high 

tilt angles, see schematic in Figure 6.1. The raster of the electron beam across the surface 

allows for the accumulation of EBSD patterns. The patterns can be indexed across the 

surface of the specimen and provide the orientation of all the grains within the raster 

region. For a more complete summary of this technique and its use for texture 

determination see Dingley or Randle [15, 16]. 
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Figure 6.1.  The virtual sample chamber shows the specimen - microscope orientation 

configuration for EBSD characterization. The three coordinate systems are identified by 

their subscripts:  m indicates the microscope orientation, 0 is the specimen primary 

orientation, and 1 is the orientation of EBSD acquisition. During EBSD acquisition, the 

specimen rotated about the ym and y0 axis to a tilt of 70°. 
 

Orientation relations are typically described using Euler angles which describe the 

orientation as an ordered series of rotations to reorient the reference frame. The Bunge 

convention defines the Euler angles as ϕ1, Φ, and ϕ2, shown in Figure 6.2 [17]. Euler 

angles can be used to calculate the orientation, {hkl}, along different directions in 

different reference frames, e.g. normal direction and the two perpendicular directions: 

loading and transverse direction. To fully define the orientation of a grain, the orientation 

must be determined in 2 of the 3 orthogonal directions. {hkl} mapping, in one direction, 

is colored using the inverse pole figure method (IPF) shown in Figure 6.3. The low index 

plane orientations are colored as follows: {001} are red, {111} are blue, and {101} are 

green. Also labeled are the higher index planes: {112}, {122}, {012} and {123}. 

To describe the index of each plane, {hkl}, several variables are defined in Figure 

6.4, which depicts a given {hkl} on an inverse pole figure (IPF). The {hkl} is defined in 

terms of βi, the angle measured from a primary low index cubic plane normal to the {hkl} 
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of interest and αi the angle between βi and either the line from {100} to {110} or from 

{100} and {111}. The Euler angle Φ from the Bunge convention is synonymous with 

β{100} used here [17]. 

 
Figure 6.2. The Bunge Euler angle convention is depicted by the coincident axes (X0, Y0, 

Z0) and the three rotations: ϕ1, Φ, ϕ2. The angle between the surface normal direction 

(for Cubic crystals <hkl>) and the {100} plane normal is defined by Φ. Figure adapted 

from [18]. 
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Figure 6.3. Inverse pole figure (IPF) 

coloring scheme to represent crystal 

orientations. 

Figure 6.4. Schematic representation of 

{hkl} positions defined by the angular 

distance, βi, from the 3 low index cubic 

planes: {100}, {110} and {111}. αi 

represents the angle between βi and the 

linear lines between the {100} and {110} 

poles for α{100} and α{110} and between the 

{100} and {111} poles for α{111}. As in 

Nicolas [19]. 



230 

 

 

 

6.2.2  Critical Unresolved Issues 

There are two key issues brought up by the results in this chapter. The first relates 

to the general dissolution behavior of the solid solution binary alloys. What are the 

underlying structural phenomena resulting in the increase in dissolution rate for the pT 

structure compared to the fcc structure? The second focuses on the orientation dependent 

dissolution apparent in the fcc structure? What causes the grain orientations to have such 

an orientation dependent dissolution? Lastly, why does the pT structure not exhibit such 

orientation dependent behavior?  

6.3  Experimental 

The fcc and pT Fe50Pd50 alloys were produced by the arc-melting technique using 

high purity 99.99% Fe and 99.999% Pd under an argon atmosphere. Prior to any heat 

treatments, the alloy sections were first encapsulated in quartz tubes under an argon 

atmosphere. The cast alloy Fe50Pd50 was cold rolled to approximately 0.5 mm. To remove 

the induced deformation and texture, the alloy was recrystallized at 1100 °C for 24 hours 

and then water quenched. The final heat treatment to produce the fcc structure was at 950 

°C for 10 hours followed by water quenching. To produce pT Fe50Pd50 of a similar grain 

size to the fcc structure (average 30 µm), the sample was annealed 605 °C for 670 

hours.
25

 

X-ray diffraction (XRD) characterization was performed using a Scintag XDS-

2000 diffractometer with a Cu-Kα source (λ = 0.1541 nm). XRD spectra measurements 

were conducted in the θ/2θ configuration. The surface morphology was characterized by 

                                                 
25

 See Chapter 5. 
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optical microscopy and SEM using a JEOL 6700F with an accelerating voltage of 5 keV 

and a working distance of 15 mm. EDS analysis was conducted at 15 kV and a working 

distance of 15 mm. At this accelerating voltage the depth of interaction is roughly 0.33 

µm. 

Grain orientations of the polished surface were determined prior to 

electrochemical investigations using a scanning electron microscope, JEOL 840a SEM 

with LAB6 filament, equipped with an electron backscatter detector (EBSD). EBSD 

mapping was performed at a magnification of 500 x and a working distance of 20 mm 

with a 20 kV accelerating voltage. The EBSD data acquisition and analysis was 

performed using the HKL Technology™ EBSD software suite. Indexing the EBSD 

images required 6 Kikuchi bands to match a specific calculated orientation. EBSD maps 

were made using a step size of 1 or 1.25 µm. The volume of interaction is roughly 50 nm 

deep. The step size was sufficient to determine the orientations of the smallest grains. 

Grain orientation maps, by grain HKLs, and the associated reduced inverse pole figures, 

IPFs, were made in the three sample orientations: Z (surface normal orientation), X and 

Y. The average orientation for each grain was used to determine the miller indices, {hkl}, 

of the surface plane. Texture determinations were based on the EBSD orientation maps. 

To determine the relative amounts of dissolution of different grain orientations a 

confocal scanning laser microscope (CLSM) was used to create a topographical map of 

the polycrystalline surfaces. The CLSM, model Zeiss LSM 510, utilized a 543 nm 

wavelength HeNe laser with a pinhole size of 0.30 Airy units. A CLSM image is 

composed of a series of images of z direction slices (perpendicular to the sample surface). 
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The series of images can then be combined to resolve topographical information. For the 

following images the step size between vertical slices is 0.1 µm. Lateral resolution of this 

technique is about 0.3 µm (compared to a minimum grain size of 5 µm and average grain 

size of 30 µm). The 3D topographical maps typically shown have been processed with a 

3x3 Gauss averaging. Using this data, the relative Z-depth of grains in any characterized 

region can be quantitatively calculated. It will prove convenient, discussed later, to use a 

relative metric for each region. Thus, the relative dissolution depth is determined relative 

to the highest, least susceptible to corrosion grains. The total amount of dissolution from 

the sample surface was determined using topographical maps including the epoxy mount 

which is flush with the pre-dissolution bare metal surface. This serves as the reference 

point of zero dissolution. For the series of increased dissolution measurements (where 

individual orientations were not determined), an area average of the dissolved sample 

surface (not normalized to each grain) was used to determine the average depth of 

dissolution. 

Topographical information, with no statistical processing, was also used to 

calculate the microscopic surface roughness. The arithmetic mean deviation surface 

roughness, Sa, defined in Equation 6.1, was used to calculate the surface roughness. The 

surface roughness is the summation over all points, N, in an area of the absolute value 

difference between the height, z, of all points, (xi, yi), in an area and the mean height over 

that area, Sc.  

   
 

    
∑ ∑ | (     )    |

  
   

  
      6.1 
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The surface topography of different grains were made using a field emission gun SEM, 

JEOL 6700F with an accelerating voltage of 5 keV and a working distance of 15 mm. 

Composition measurements were made using an attached energy x-ray dispersive 

spectrometer (EDS). 

The samples were mounted in insulating epoxy, EPO-Thin, with an exposed 

surface area of approximately 0.5 cm
2
. To mitigate charging effects during SEM 

characterization, the epoxy was coated with carbon paint. The fcc Fe50Pd50 sample 

surface was polished using successively finer Si-carbide, 400-600-800-1200 grit, 

grinding paper followed by polishing using 1 µm alumina. Prior to EBSD 

characterization a final polishing step using 0.05 µm diamond slurry was performed. The 

sample surface was lightly Ar ion etched using a Gatan precision etching and coating 

system at 5 keV and 250 µA for 10 minutes to further reduce deformation induced by 

mechanical polishing to improve the diffraction pattern quality. After EBSD 

characterization but prior to electrochemical exposure, the sample was minimally re-

polished using 1 µm alumina to remove carbon buildup
26

. 

Electrochemical measurements were conducted using a traditional 3-electrode 

setup with an exposed electrically isolated working electrode consisting of the fcc and pT 

polycrystalline Fe50Pd50 samples. The reference electrode was a saturated calomel type 

electrode, SCE, and the counter electrode was a platinum mesh. Chemical solutions were 

produced using reagent grade chemicals and pure water (resistivity 18.2 M Ω /cm) 

                                                 
26

 The carbon buildup during EBSD mapping was found to inhibit dissolution of the EBSD characterized 

region during exposure in 1 M HCl solution. To remove carbon, the sample was polished for ~10 seconds 

using 1 µm alumina.  
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produced by an Academic MilliQ filtration system (MilliPore). Prior to electrochemical 

experiments the solution was deaerated for at least 2 hours by vigorous sparging of 

nitrogen through the solution. Polarization experiments were conducted using a Gamry 

PCI4 potentiostat. Potential controlled dissolution experiments were performed at 0.45 

VSCE for 400 – 2500 s. High purity element samples of Fe and Pd were used in 

comparative electrochemistry experiments. Exposed samples had surface area of 

approximately 0.3 cm
2
. Characterized regions, typically between 20 and 40 grains, were 

well away from any epoxy-sample interface to avoid any associated edge effects. 

Potentiostatic polarization experiments were performed on each of 3 sets of EBSD 

characterized regions
27

.  The measured charge during each exposure was within about 

10% of the average value from all EBSD characterized regions to ensure similar 

dissolution amounts. For the calculations involving Faraday’s Law, oxidation to Fe
2+

 and 

Pd
2+

 (Pd2Cl4
2-

) and congruent dissolution was assumed. The applied potential (0.45 VSCE) 

is well above the reversible potential for the dissolution reaction for both species. The 

                                                 
27

 Each EBSD characterized region contained between 20 and 40 different grains. However, not all 

orientations in terms of least and most susceptible to dissolution are represented in all regions. To account 

for regions that lack grains with dissolution rates on either end of the spectrum, the following data 

processing steps were used. Within each EBSD characterized region, Region 1 and 2 are two such 

characterized regions, the dissolution depth was measured relative to the grain with the least dissolution in 

that region. The depth of dissolution was found to linearly depend on β{100} up to 40°. For each region, the 

dissolution depth with respect to β{100} was fit by a linear least squares fitting with a freely varying 

intercept. The slope and intercept of the fit was calculated. The slopes of the fitted lines were found to be 

within 5% of the same value for all of characterized regions containing more than 20 grains of orientation 

β{100} < 40°. The average of these slopes was then used to fit all of the EBSD regions including regions not 

meeting this criterion A total of about 60 grains (of the 300 total grains) are within these regions. The 

slopes of the linear fit for these regions vary by about 20% from the average slope used. The total shift in 

intercepts is about 0.3 µm, therefore introduced error from the data processing is not significant compared 

to the observed trends. The intercept of these fitted lines was set to the same value, 0, for each data set by 

means of adding or subtracting a correction factor to the intercept of all data sets. 
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density, calculated from the crystal structure, is 9.789 g/cm
3
 for the fcc structure and 

9.760 g/cm
3
 for the pT structure.  

6.4  Results 

6.4.1  Materials Characterization 

The XRD spectrum for fcc Fe50Pd50 after recrystallization is shown in Figure 6.5. 

The phase is identified as the disordered γ-phase which is the fcc equilibrium phase with 

lattice site occupancy factors (S.O.F.) of 0.5 for Fe and Pd. The γ-phase has symmetry 

Fm-3m and lattice parameter a=3.804 Å [20]. The grain size, determined from the EBSD 

grain maps, ranged from 5 to 110 µm with an average grain diameter of 26 µm and a 

standard deviation of 21 µm (median 19 µm). 

Heat treatment of the Fe50Pd50 at the eutectoid temperature, 605 °C, is within the 

single L10-phase field at the Fe50Pd50 composition [21]. The XRD spectrum is shown in 

Figure 6.6 and was identified as the ordered L10 phase. After a 670 hour annealing at 605 

°C, the average grain size was about 39 µm grain diameter ranging from about 15 to 250 

µm. Prior to electrochemical experiments, the as-polished surface roughness was 0.030 

µm. 
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Figure 6.5. X-ray diffraction spectrum of the disordered fcc Fe50Pd50 sample after 

annealing at 950 °C for 10 hours and water quenched. The 5 indexed peaks all 

corresponded to the fcc γ-phase structure with lattice parameter a = .3804 nm and site 

occupancy coefficient of 0.5 for both Fe and Pd. 
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Figure 6.6. X-ray diffraction spectrum of the ordered pT Fe50Pd50 sample after annealing 

at 605 °C for 30 days and water quenched. The indexed peaks, indicated by vertical 

dashes and labeled, corresponded to the pT L10 phase which has space group P4/mmm 

with lattice constants a=3.852Å and c=3.723 Å. [22]. The transformation from fcc γ-

phase to L10 involves Pd atoms occupying the c=1/2 lattice positions and Fe atoms at the 

vertices. 
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6.4.2  Electrochemical Behavior in HCl Solution 

The corrosion behavior was explored in deaerated 1 M HCl using a 1 hour open 

circuit measurement followed by cyclic polarization shown in Figure 6.7. The fcc and pT 

Fe50Pd50 structural states are compared to pure polycrystalline Fe and Pd. During the 

open circuit measurement, Fe has a very low open circuit potential while Pd has an 

intermediate value, -0.15 VSCE. The Pd open circuit potential is controlled by the redox 

potential associated with the reversible hydrogen electrode reaction instead of Pd/PdO or 

Pd/PdCl4
2-

 oxidation half-cell reaction coupled with some cathodic reaction associated 

with the oxidizing power of the solution. The pT and fcc structural states of Fe50Pd50 have 

the highest open circuit potential which increases over the first 200 s then stabilizes at 0.2 

VSCE. The ordered pT structural state has an unstable open circuit potential. The high 

OCP of both states of the Fe50Pd50 alloy likely indicates the benefit of the transition metal 

noble metal mixture lowering the exchange current of hydrogen oxidation or enhancing 

HER. 

The cyclic polarization behavior shows that pure Fe dissolves at high current 

densities at very low over-potentials. The Pd/Pd
2+

 dissolution pathway is enabled at the 

critical potential at 0.6 VSCE where the dissolution reaction dominates the underlying H 

oxidation reaction. In this solution, Pd is expected to dissolve and form a PdCl4
2-

 complex 

at 0.07 VSCE based on thermodynamic principles [23]. The two Fe50Pd50 stats show 

similar behavior and have an elevated open circuit potential due to beneficial Pd alloying. 

The surface morphology of the fcc Fe50Pd50 sample (Chapter 5) after the cyclic 

polarization experiments indicate that grain anisotropy in terms of the dissolution 
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behavior exists. Further elucidating this behavior exhibited by fcc Fe50Pd50 is the primary 

focus of this chapter. The EBSD characterized regions of fcc Fe50Pd50 were dissolved 

under potential controlled conditions at 0.45 VSCE, indicated by the dashed line in Figure 

6.7. This potential is above the reversible potential for both dissolution reactions and the 

global corrosion behavior is active dissolution with current densities of approximately 5 

mA/cm
2
. 

At this potential, Fe and Pd undergo congruent dissolution. SEM-EDS analysis of 

the surface
28

 shows no chemical composition difference between grains of limited and 

increased dissolution indicating no significant role of Pd enrichment. At the operating 

accelerating voltage, the majority of the characteristic x-rays for EDS analysis are 

generated within 0.33 µm of the surface [24]
29

. After longer exposure times, grains can 

still be indexed by EBSD. Electron diffraction occurs from a limited interaction volume 

within about 50 nm, about 200 atomic layers, of the surface [25]. Surface reorganization 

and the resulting change in the crystal structure of the surface would alter the Fe50Pd50 

backscattered diffraction pattern and is not observed. 

The clear grain dependent structure induced by dissolution is not observed pT 

structured Fe50Pd50. Some grain dependent dissolution behavior is observed but only after 

the early stages of dissolution of the pT Fe50Pd50 alloy (Chapter 5). This contrast in 

                                                 
28

 SEM-EDS line profiles (Ch. 5) show no change in composition from an insulated alloy surface to a 

region exposed at 0.45 VSCE for 400 s in both fcc and pT Fe50Pd50. Additionally, depth profile XPS results 

indicate only 10 nm (SiO2 equivalent) of preferential dissolution on the order of a few at % after 

potentiostatic polarization in 0.1 M HCl solution. 
29

 Monte Carlo simulations performed for pure Fe. Pd, a higher Z element, would have a smaller interaction 

volume. Thus, 0.33 µm is an upper bound. 
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behavior, indicative of the effect of the underlying change in structure will also be 

explored under similar conditions to the Fe50Pd50 fcc grain orientation study.  

Both states of Fe50Pd50 were potentiostatically polarized at 0.45 mVSCE, indicated 

by the dashed line in Figure 6.7. At this potential, the fcc Fe50Pd50 global corrosion 

behavior is active dissolution with current densities of approximately 5 mA/cm
2
. The 

duration of the potentiostatic polarization in deaerated 1 M HCl solution was 400 s, 1500 

s and 2500 s. A representative potentiostatic polarization curve is shown in Figure 6.8. A 

comparison of the total accumulated charge is tabulated in Table 6.2. The predicted depth 

of dissolution based on Faraday’s for each experiment is calculated and a comparison to 

the experimental depth of dissolution of each structure state will be discussed in the 

sections to follow. 

For the detailed analysis of the grain dependent dissolution of the disordered fcc 

Fe50Pd50, the 400 s exposure was repeated for each set of EBSD characterized regions. 

For each polarization the current after the initial 100 s was fairly uniform for each 

experiment with values between 6 and 9 mA/cm
2
. The total charge during the 3 

potentiostatic polarization experiments is shown in Table 6.2. A new exposure was 

required for each set of EBSD characterized regions.  

It is worth noting that after longer exposure times, grains can still be indexed by 

EBSD. Electron diffraction occurs from a limited interaction volume within about 50 nm, 

about 200 atomic layers, of the surface [25]. Surface reorganization and the resulting 

change in the crystal structure of the surface would alter the backscattered diffraction 

pattern.  
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Table 6.1. Total accumulated charge density during potentiostatic polarization at 0.45 

VSCE in deaerated 1 M HCl solution. At each measured interval, the total charge during 

polarization is significantly higher for the ordered pT structural state than the disordered 

fcc state. 

Polarization Duration (s) 
Disordered fcc 

Charge Density (C/cm
2
) 

Ordered pT 

Charge Density (C/cm
2
) 

400 3.58 10.48 

1500 24.21 54.37 

2500 48.87 94.56 
 

 

Table 6.2. Total accumulated charge during potentiostatic polarization of fcc Fe50Pd50 at 

0.45 VSCE for 400 s in deaerated 1 M HCl solution. The total charge is used to calculate 

the average expected depth of dissolution using Faraday’s Law. Each experiment had 

similar charge accumulation and correspondingly similar expected depth of dissolution. 

 
Accumulated 

Charge (C/cm2) 

Charge Deviation 

from Avg. 

Calculated Avg. 

Depth of Dissolution 

(µm) 

Exposure 1 3.46 -3.4% 1.20 

Exposure 2 3.29 -8.2% 1.14 

Exposure 3 4.00 11.6% 1.38 
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Figure 6.7. Open circuit (left) and E-log i (right) behavior in deaerated 1 M HCl solution 

at a scan rate of 1 mV/s. The dashed line on the E-log i plot indicates the 0.45 VSCE 

potential used for the potentiostatic polarization experiments. 

 

0 500 1000 1500 2000 2500

0.01

0.02

0.03

0.04

0.05

0.06

 

 

i 
(A

/c
m

2
)

t (s)

 Fe
50

Pd
50

 fcc

 Fe
50

Pd
50

 pT

 
Figure 6.8. Representative i – time behavior of ordered-fcc and disordered-pT during 

potentiostatic polarization at 0.45 VSCE in deaerated 1 M HCl solution. 
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6.4.3  Relationship between Dissolution Behavior and Crystallographic 

Orientation in Disordered fcc Fe50Pd50 

The orientation of each grain with in the sample coordinate system was 

determined by EBSD. To describe the index of each plane, {hkl}, several variables are 

defined in Figure 6.4, which depicts a given {hkl} on an inverse pole figure (IPF). The 

dissolution behavior of the grains was found to correlate to the orientation in the surface 

normal direction, i.e. the orientation of the plane of the interface between the solution and 

the sample. Table 6.3 lists grain information from selected SEM images, CLSM images, 

orientation maps and surface morphology. These results are followed by the orientation 

vs. dissolution depth and surface roughness plots for all grains analyzed. 

The CLSM topographical map of Region 1, with a total accumulated anodic 

charge of 3.29 C/cm
2
, is shown in Figure 6.9 and the corresponding grain orientations are 

shown in Figure 6.10, both as an EBSD map and the grain orientations depicted on the 

IPF. The total measured charge during exposure in 1 M HCl solution was 3.29 C/cm
2
 

(Table 6.2). In the CLSM topographical map, the red regions correspond to the highest, 

or least corroded, grains; whereas the blue-purple colored grains indicate those that 

experienced the greatest depth of dissolution. It is obvious from these plots that there is 

significant crystallographic dependence of dissolution. At first glance, the near {100} 

planes, red on the EBSD map and near the {100} pole on the associated IPF, show the 

lowest qualitative depth of dissolution. The high index planes between 10 and 20° of the 

{111} pole, purple-blue on the EBSD map, show the highest corrosion susceptibility. 

SEM micrographs of this region are shown in Figure 6.11. 
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Region 2 has some grains with orientation very near, βi < 1°, both the {100} and 

{111} axes. The topographical map of Region 2, total accumulated charge 3.46 C/cm
2
, is 

shown in Figure 6.12 and the orientation map and corresponding IPF are shown in Figure 

6.13. Grains 11 and 12 respectively in Figure 6.14, show that the near {100} grain has 

undergone less dissolution than the {111}. In the case of this {111} grain, the dissolution 

depth is lower than many of the grains which are still quite close to the {100} orientation, 

for example the adjacent grains (pink colored in the EBSD map). At higher divergence 

from the {111}, grain 15, the dissolution rate is significantly higher. Table 6.3 

summarizes the surface roughness, relative height and orientation for each grain. The 

dissolution depth for grains within Region 1 and 2 is plot as a function of βi in Figures 

6.16 and 6.17. For each grain all 3 βi are shown and these plots indicate that the 

dissolution depth has a linear relationship to β{100} over a very wide range of angles. 

Grains with orientation near {110} do not show the decrease in corrosion susceptibility 

that accompanies grains with orientations near the {100} or {111}. 

Beta Dependence on Dissolution Depth in Disordered fcc Fe50Pd50 

The dissolution depth as function of orientation was combined for all regions
30

. 

Figure 6.18 shows the dissolution depth as a function of β{100}. The dissolution depth 

increases as a linear function of angle, slope -0.71 µm/°. The most susceptible region is 

between 35 and 45° from the {100}. The corrosion depth near the {111} plane is 

significantly lower. When β{111} is less than 10°, indicated by the triangles, the depth of 

dissolution decreases rapidly as the orientation becomes closer to {111}. For orientations 

                                                 
30

 The intercept for each β{100} plot corresponding to each region, e.g. for Region 1-2 in Figure 6.16-6.17, 

was set to 0. See Experimental section for details. 
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near the {110}, indicated by the circles, the corrosion depth remains high. Figure 6.19 

shows the dependence of the corrosion rate on direction, α{100}, from the {100} plane 

normal. The corrosion depth towards the {110}, α100 between 0 and 10°, is compared to 

towards the {111}, α100 between 35 and 45°. No significant deviation is observed 

between the two directions. Similar plots have been made for both β{111}, Figure 6.20, and 

β{110}, Figure 6.21. For β{111} < 10° from the {111}, the depth of dissolution increases 

linearly with a slope of -0.24 µm/° divergence, which is 4 times higher than the similar 

plot for β{100}. Between 10 and 20°, the dissolution depth is at a maximum. The corrosion 

rate at β{110} < 20°, shown in Figure 6.21, shows no statistically significant trend. The 

corrosion depth as a function of grain orientation is plotted on an IPF in Figure 6.22. 

6.4.4  Surface Roughness: Faceted Grain Morphology and Correlation to 

Dissolution in Disordered fcc Fe50Pd50 

The differences in the microscopic surface roughness of different grains are 

apparent in the SEM micrographs. The morphological distinction among grains is shown 

in the SEM micrographs in Figures 6.11, 6.14 and 6.15, which indicate the surface 

roughness features associated with each grain orientation. The morphologically smooth 

grains, 1 and 7, correspond to regions near {100} which have undergone limited 

dissolution. Grain 6, β{111} = 7°, has undergone significantly more dissolution than grains 

near the {100}. In contrast, Grain 2 with an orientation of {533} and β{111} = 13° has 

undergone significantly increased dissolution and has a higher surface roughness. Grains 

with orientations near {110} are shown in Figure 6.15. The surface roughness remains 

high even for Grain 24 which has an orientation within 2° of the {110} plane normal. To 
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quantify the roughness of a surface, Eq. 1 is used to calculate the deviation of the peaks 

and valleys from the average value. Grain 24 has a surface roughness of 0.18 µm, twice 

as rough as smooth grains. Grains 1, 3 and 6 are near either the {100} or {111} and have 

a surface that appears smooth and have a corresponding surface roughness of less than 

0.09 µm. The most dissolved grains, such as Grain 2 and 8, also have the highest surface 

roughness, 0.25 µm.  

The surface roughness of a representative subset of grains is plotted on an IPF in 

Figure 6.23. As the SEM micrographs and the CLSM topography indicate, the grains 

with the highest roughness correlate to the grains of highest dissolution. This can be seen 

by comparison of the inverse pole figures in Figure 6.22 and Figure 6.23. There are 

exceptions to this rule; Orientations along the great circle between {110} and {111} 

orientations show similar increased dissolution (Figure 6.23 e.g., Grain 15 in Figure 

6.14), but comparatively decreased microscopic surface roughness compared to other 

orientations at similar dissolution depths (β{111} between 10 and 20°). 

6.4.5  Morphological Evolution after Increased Dissolution in Disordered fcc 

Fe50Pd50  

After longer polarization times and increased dissolution, the surface morphology 

retains the crystallographic faceted structure characteristic of each grain. Three grains, 

Figure 6.28, show the surface morphology of {100} and {111} oriented grains. These 

grains show characteristic scalloped morphology with no apparent crystallographic 

dependence. Also shown is a grain with a {533} orientation. This orientation, with β{111} 

= 16°, is one of the most highly dissolving orientations and shows a dissolution revealed 
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surface morphology consisting of a series of terraces and steps. The steps also show 

microscopic features along the steps indicating that dissolution is occurring. These 

features are more apparent after increased dissolution. 

 Figure 6.25 shows the CLSM topography of a region of the surface after 

polarization for 2500 s and a total accumulated charge of 48.87 C/cm
2
. The difference 

between the highest and lowest grains is 25 µm. Even at the significantly increased 

dissolution, compared to 400 s exposure, the grains remain distinct entities and are still 

highly faceted. The surface morphology is shown in Figure 6.26, and the faceted nature 

of distinct grains is clearly shown. The higher magnification of the highest grain (least 

dissolution) in the CLSM region shows a surface dominated by terraces with a scalloped 

nature punctuated by rectangular dissolution areas. These rectangular areas are observed 

on {100} orientations (Grain 11, Figure 6.14). 

Two additional grains, shown in Figure 6.27 and 6.28, have electrochemically 

dissolved into a series of terraces and steps. A grain likely with near {100} orientation is 

shown in Figure 6.27 after significantly increased dissolution. The steps show clear 

microscopic kink features indicating that dissolution is proceeding along the kinks on 

steps more quickly than dissolving the terraces. The terraces of the grain shown in Figure 

6.28 have the characteristic rectangular feature seen on {100} orientations. The 

orientation of the faceted structure is very crystallographic in nature, i.e. features within a 

grain are aligned along specific directions.  



 

 

 

 

2
4

7
 

Table 6.3. Tabulated roughness, Sa, and relative dissolution depths for selected grains shown in Figures 6.11, 6.14, and 6.15, delimited 

by thick lines. All 3 βi values are listed for each grain. The grey shaded βi regions indicate orientations within 10° of a primary cube 

plane normal. Grains with the roughest surface and highest amount of dissolution have β{111} between 10 and 20° (red shaded). 
 

Grain {hkl} β{100} ( ° ) β{110} ( ° ) β{111} ( ° ) α{100} ( ° ) α{110} ( ° ) α{111} ( ° ) Sa (µm) 
Rel. depth of 

diss. (µm) 

1 {610} 9.1 36.3 47.0 15.9 3.9 5.4 0.055 -0.42 

2 {533} 41.2 28.1 13.9 40.9 62.9 12.3 0.231 -2.82 

3 {310} 17.1 28.3 42.5 7.7 4.6 14.1 0.064 -0.63 

4 {430} 36.3 8.7 34.7 3.6 14.1 40.8 0.14 -1.91 

5 {621} 21.1 25.2 36.6 20.5 16.3 13.8 0.118 -1.07 

6 {665} 51.2 31.8 4.3 42.4 78.3 33.1 0.088 -1.88 

7 {611} 10.0 37.1 44.7 33.7 8.6 2.5 0.099 -0.67 

8 {533} 39.1 28.7 15.7 43.9 58.2 2.7 0.276 -3.53 

9 {520} 21.7 23.4 40.7 4.6 4.3 20.2 0.111 -1.47 

10 {530} 31.1 14.7 34.3 5.7 12.0 32.3 0.155 -2.00 

11 {100} 1.6 43.6 53.6 28.5 1.0 0.5 0.052 -0.37 

12 {111} 54.3 34.2 1.0 45.0 79.2 1.7 0.051 -0.62 

13 {554} 50.9 29.2 6.2 39.7 79.8 49.1 0.050 -1.16 

14 {421} 31.4 19.9 27.3 22.3 36.7 25.1 0.140 -2.39 

15 {221} 47.5 20.7 14.2 31.2 79.8 52.6 0.093 -2.77 

16 {641} 36.5 9.9 31.1 9.3 32.1 39.7 0.193 -2.26 

17 {641} 36.2 10.7 31.1 12.4 38.8 38.8 0.182 -2.03 

18 {531} 30.1 17.7 30.4 19.8 31.4 25.0 0.176 -1.73 

19 {641} 35.3 11.9 29.9 15.0 39.9 36.1 0.235 -2.03 

20 {540} 39.2 6.5 32.1 9.7 46.1 44.9 0.170 -2.08 

21 {530} 30.7 14.4 36.6 5.7 12.0 32.1 0.113 -1.72 

22 {542} 41.2 18.6 18.7 29.4 65.7 36.3 0.228 -2.37 

23 {651} 41.2 6.6 30.1 8.3 51.2 47.8 0.174 -1.99 

24 {110} 43.1 1.9 34.5 6.0 64.3 51.9 0.182 -2.09 
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Figure 6.9. CLSM topographical plot of disordered fcc Fe50Pd50, Region 1 after potentiostatic 

polarization at 0.45 VSCE in deaerated 1 M HCl solution with total accumulated charge 3.29 

C/cm
2
 (Exposure 2, Table 6.2). Numbers indicate specific grains used to identify regions in 

micrographs, with properties listed in Table 6.3. 

 

 
Figure 6.10. EBSD mapping (left) and corresponding reduced IPF (right) of Region 1 in the 

sample normal direction with an EBSD step size of 1 µm. Black points on the EBSD map 

indicate areas that failed to index to a grain orientation. 
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Figure 6.11. SEM micrographs from Region 1 of disordered fcc Fe50Pd50, with 3.29 C/cm

2
 of total anodic 

charge and select grains identified. Grains 1 and 7 are within 10° of the {100} plane normal. Grain 6 is 

within 5° of the {111}, while Grains 2 and 8 are about 15° from the {111}. Grains 4 and 10 are within 15 ° 

of the {110} plane normal. Grain orientation approximate {hkl}: Grain 1 {610}, Grain 2 {533}, Grain 3 

{310}, Grain 4 {430}, Grain 5 {621}, Grain 6 {665}, Grain 7 {611}, Grain 8 {533}, Grain 9 {520}, and 

Grain 10 {530}. 
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Figure 6.12. CLSM topographical plot of Region 2 of disordered fcc Fe50Pd50 after 

potentiostatic polarization at 0.45 VSCE in deaerated 1 M HCl solution with total 

accumulated charge of 3.46 C/cm
2
(Exposure 1, Table 6.2). Numbers indicate specific grains 

used to identify regions in micrographs, with properties listed in Table 6.3. 

  

Figure 6.13. EBSD mapping (left) and corresponding reduced IPF (right) of Region 2 in the 

sample normal direction. EBSD step size 1 µm. Black points on the EBSD map indicate steps that 

failed to index. Grain 14, indicated by the dashed circle in the IPF, has orientation near {123} and 

is white on the IPF. 
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Figure 6.14. SEM micrograph of Region 2 of disordered fcc Fe50Pd50 with 3.46 C/cm

2
 of 

total anodic charge and grains 11-16 identified. Grain 11 is within 2° of the {100} plane 

normal. Grain 12, 13, and 15 are 1° and 6° and 14° from the {111} plane normal, 

respectively. Grain 14 and 16 are 20° and 10° from the {110} plane normal, respectively. 

Grain orientation approximate {hkl}: Grain 11 {100}, Grain 12 {111}, Grain 13 {554}, 

Grain 14 {421}, Grain 15 {221}, Grain 16 {641}, Grain7 {611}, Grain 8 {533}, Grain 9 

{520}, and Grain 10 {530}. 
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Figure 6.15. SEM micrograph of disordered fcc Fe50Pd50 grains with orientations near 

{110}. Grains 20, 23 and 24 have orientations within 7° of the {110} plane normal, while 

17, 19 and 21 are within 15°. These grains are a subset of Region 3 which had a total 

charge during potentiostatic polarization of 4.00 C/cm
2 

(Exposure 3, Table 6.2). Dashed 

lines indicate grain boundaries of limited contrast. CLSM topographical map and EBSD 

maps are not shown for this region. Grain orientation approximate {hkl}: Grain 17 {641}, 

Grain 18 {531}, Grain 19 {641}, Grain 20 {540}, Grain 21 {530}, Grain 22 {542}, Grain 

23 {651}, and Grain 24 {110}. 
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Figure 6.16. Relative dissolution depth of disordered fcc Fe50Pd50 as a function of βi for 

each grain in Region 1. Each grain has the three βi associated with the primary cube zone 

axis. A linear fit of β{100} up to 40 ° has a slope of -0.064 µm / ° angular deviation from 

{100 excluding β{111} < 10°. The root mean square error of this fit is 0.852. This plot 

includes grains adjacent to Region 1 which are not shown in the plots in Figure 6.9-6.11. 
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Figure 6.17. Relative dissolution depth is plotted as a function of βi for each grain in 

Region 2 (Figure 6.12-6.14). Each grain has the three βi associated with the primary cube 

zone axis. A linear fit of β100 up to 40 ° has a slope of -0.060 µm / ° angular deviation 

from {100}, excluding β{111} < 10°.The RMS error of the linear  fit is 0.955 



254 

 

0 10 20 30 40 50

0.0

-0.5

-1.0

-1.5

-2.0

-2.5

-3.0

-3.5

-4.0

 {100}

 Linear Fit


{111}

 < 10 °


{110}

 < 10 °R
el

a
ti

v
e
 D

is
so

lu
ti

o
n

 D
ep

th
 (


m
)


{100}

 (°)
 

Figure 6.18. Relative dissolution depth of disordered fcc Fe50Pd50 as a function β{100}. 

Regions within 10° of the {111} and {110} plane normals are indicated by open triangle 

and open circle symbols, respectively. A linear fit of the data over the first 40°, excluding 

data within 10° either {100} and {110} plane normal, has a slope of -0.071 µm/° and a 

RMS error of 0.33. 
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Figure 6.19. Relative dissolution depth disordered fcc Fe50Pd50 as a function β{100} of 

plotted for α{100} = 0 – 10° (in the direction of the {110} plane normal) and 35 – 45° (in 

the direction of the {111} plane normal). The decrease at high β{100} for large α{100}is due 

to proximity to the {111} orientation. 
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Figure 6.20. Relative dissolution depth of disordered fcc Fe50Pd50as a function β{111}. A 

linear fit, solid line, of the first 10° (delimited by the dashed line) has a slope of -0.24 

µm/° and an intercept -0.22 µm and RMS error of 1.56. 
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Figure 6.21. Relative dissolution depth of disordered fcc Fe50Pd50as a function β{110}. No 

statistically significant trend at β{110} < 20° is observed. 
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Figure 6.22. Relative depth of dissolution of individual disordered fcc Fe50Pd50 grains as a 

function of crystallographic orientation plotted on an equal area inverse pole figure in the 

sample normal (z) direction. The region with highest dissolution is between 10 and 20° 

from the {111} plane normal Dashed lines indicate 10° degree increments from the three 

low index cube plane normals: {100}, {110} and {111}. 
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Figure 6.23. Calculated arithmetic mean deviation surface roughness, Sa, of disordered 

fcc Fe50Pd50 plotted on an equal area inverse pole figure. The smoothest grains less than 

20° from the {100} and 10° from the {111} plane normals. The roughest region is 

between 10 and 20° from the {111} plane normal which corresponds to the region of 

most dissolution (Figure 6.22).  
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Figure 6.24. Surface morphology of three disordered fcc Fe50Pd50 grains after 

potentiostatic polarization in deaerated 1 M HCl solution for 1000 s. During polarization 

the total accumulated charge was 10.8 C/cm
2

 equivalent to a calculated average depth of 

dissolution of 3.75 µm. Both the {100} and {111} oriented grains, Grain 12 from Figure 

6.14, show characteristic scalloped morphology. The {533} oriented grain has a β{111} of 

16 °, which is one of the highest dissolution susceptible orientations. The 

morphologically smooth, low corroding regions cover a small fraction of the exposed 

surface. The larger areas have significant morphological features indicative of 

dissolution. 
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Figure 6.25. CLSM topographical image of a selected region of disordered fcc Fe50Pd50 

after potentiostatic polarization at 0.45 VSCE for 2500 s and a total accumulated charge 

density of 48.87 C/cm
2
. 

 
 

Figure 6.26. SEM micrographs of the surface morphology of disordered fcc Fe50Pd50 after 

potentiostatic polarization at 0.45 VSCE for 2500 s and a total accumulated charge density 

of 48.87 C/cm
2
, shown in Figure 6.25. 
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Figure 6.27. Surface morphology of a grain disordered fcc Fe50Pd50 after potentiostatic 

polarization in deaerated 1 M HCl solution for 2500 s and a total accumulated charge 

density of 48.87 C/cm
2
. After increased dissolution grains remain distinct and show a 

terrace-ledge type structure with additional microscopic kinks on the ledges. 

 
Figure 6.28. Surface morphology of two grains after potentiostatic polarization in 

deaerated 1 M HCl solution for 2500 s and a total accumulated charge density of 48.87 

C/cm
2
. The terrace shows the rectangular characteristic feature seen during dissolution of 

{100} orientations. 
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6.4.6  Dissolution Behavior of Ordered pT Fe50Pd50 

After polarization in HCl solution for 400 s the Fe50Pd50 pT structure has four 

times more total accumulated charge compared to the structurally disordered fcc state. At 

this exposure time, there is some orientation dependence on the dissolution behavior as 

indicated by the CLSM topography in Figure 6.29 and the corresponding optical 

micrographs in Figure 6.30. The height difference between the highest and lowest regions 

is 7 µm, and seemingly most of the grains show similar dissolution behavior. The poly 

twin boundaries, Figure 6.31-6.32, show increased dissolution. Sub-grain sized regions 

show pit like events of increased dissolution. Three such pits are shown in the optical 

micrograph in Figure 6.33. As the surface dissolves, these pitting events become more 

prevalent and grain specifric dissolution behavior, is lost. After polarization for 1500 s 

the total accumulated charge has increased to 54.4 C/cm
2
. The CLSM images, shown in 

Figure 6.34-6.35, show that the surface morphology has numerous 5-10 µm pits with 

depths greater than 10 µm relative to the adjacent surfaces. A few grains exhibit uniform 

dissolution behavior even at this amount of dissolution. 

After polarization for 2500 s, the total charge increased to 94.6 C/cm
2
 and the 

maximum difference in dissolution depth is about 25 µm. The CLSM image in Figure 

6.36 shows pits, with slightly increased diameter, 25 µm lower than adjacent regions. The 

post dissolution surface morphology is shown in Figure 6.37. Some sub grain sized 

regions show facetted dissolution, but the overall dissolution appearance is much more 

uniform in terms of systematic grain dissolution. 
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Figure 6.29. CLSM topographical image of the optical region shown in Figure 6.30 of disordered fcc 

Fe50Pd50 after potentiostatic polarization at 0.45 VSCE for 400 s and a total accumulated charge density of 

10.5 C/cm
2
. Grains exhibit anisotropic total depth of dissolution during the initial stages of dissolution. 

  
Figure 6.30. Optical micrographs reveal the polytwinned structure of ordered pT Fe50Pd50 after 

potentiostatic polarization at 0.45 VSCE for 400 s and a total accumulated charge density of 10.5 C/cm
2
. The 

expanded image, right, of area 1 shows that the twin boundaries are preferentially dissolving.  
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Figure 6.31. SEM micrograph of the polytwinned structure in pT Fe50Pd50 shown in Area 

1 of Figure 6.30 after potentiostatic polarization at 0.45 VSCE for 400 s s and a total 

accumulated charge density of 10.5 C/cm
2
. 

 
 

Figure 6.32. SEM micrograph of an additional polytwinned grain in pT Fe50Pd50. after 

potentiostatic polarization at 0.45 VSCE for 400 s s and a total accumulated charge density 

of 10.5 C/cm
2
. 

 

Figure 6.33. Optical micrograph of pits in 

ordered pT Fe50Pd50 after potentiostatic 

polarization at 0.45 VSCE for a total 

accumulated charge density of 7.1 C/cm
2
. 
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Figure 6.34. CLSM topographical map (left) and Optical micrograph of ordered pT 

Fe50Pd50 after potentiostatic polarization at 0.45 VSCE for 1500 s and a total accumulated 

charge density of 54.5 C/cm
2
. The region indicated by the dashed box on the optical 

micrograph corresonds to the CLSM image. 

 
Figure 6.35. CLSM topographical map of an additional region of ordered pT Fe50Pd50 

after potentiostatic polarization at 0.45 VSCE for 1500 s and a total accumulated charge 

density of 54.4 C/cm
2
. Some grains show anisotropic dissolution but the surface also has 

5-10 µm pits. 
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Figure 6.36. CLSM topographical image of a selected region of ordered pT Fe50Pd50 after 

potentiostatic polarization at 0.45 VSCE for 2500 s and a total accumulated charge density 

of 94.6 C/cm
2
.  Pits have increased in diameter to about 20 µm. 

 
Figure 6.37. SEM micrograph of the surface morphology of ordered pT Fe50Pd50 after 

potentiostatic polarization at 0.45 VSCE for 2500 s and a total accumulated charge density 

of 94.6 C/cm
2
. 
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6.4.7  Comparison between Dissolution Behavior of fcc and pT Fe50Pd50 

The total depth of dissolution was measured after each of the three polarization 

durations for both structural states. The measured depth measured is an area average of 

the surface; i.e., there is no normalization for grain size. To account for large grains 

skewing the results several regions were tabulated. These results as a function of 

exposure duration are summarized using a statistical box plot in Figure 6.38. The average 

dissolution depth (indicated by the open squares) increased more quickly for the ordered 

pT structure than the disordered fcc structure. The contrast between the 99
th

 and the 95
th

 

percentiles and minimum and maximum dissolution depth reinforces and quantifies the 

observations from the previous sections. 

For the fcc structure, the maximum depth of dissolution is close to both the 99
th

 

and 95
th

 percentile of the dissolution depth indicating small variation in the overall depth 

of dissolution. In contrast, the difference between the maximum and 95
th

 percentile 

values is sizable for the pT structure: 6 µm at 400 s and 12 µm at 1500 s. The pits that 

exist on the surface of the ordered pT surface have very high dissolution depths and small 

surface area leading to the large difference in these values. The decrease in the difference 

(about 8 µm) at 2500 s is a result of the area fraction of pits increasing as the pits enlarge 

which shifts the distribution. The minimum dissolution for the disordered fcc structure 

remains with ~2 µm of the surface even at the 2500 s exposure while the minimum 

dissolution surface for pT structure increases much more rapidly. 

The minimum, maximum and average dissolution are normalized to the total 

accumulated charge in Figure 6.39. Linear fits (dissolution per charge density) for each 

structure type are shown in Table 6.4. The slope of the average dissolution depth curve 
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for both fcc and pT is about 0.355 µm/cm
2
. This value is in good agreement with the 

calculated slope 0.433 µm /cm
2
 using Farday’s law assuming both species are dissolving 

to the +2 valence state and congruent dissolution of both species
31

. The density used for 

these calculations is based on the crystal structure. The slope of the minimum dissolution 

depth for the fcc structure is three times smaller than the corresponding slope for the pT 

structure. A similar trend, fcc structure having a smaller slope, is seen for the maximum 

dissolution depth, but these linear fits have high errors. 

Table 6.4. Slope and root-mean-square (RMS) error of linear fits of the charge vs. 

minimum, maximum and average depth of dissolution for disordered fcc and ordered pT 

Fe50Pd50.  
 

Dissolution Depth 

Disordered fcc Fe50Pd50 Ordered pT Fe50Pd50 

Slope 

(µm/C·cm
-2

) 
Error 

(RMS error) 
Slope 

(µm/C·cm
-2

)  
Error 

(RMS error) 

Minimum  0.036 0.345 0.110 1.701 

Maximum  0.507 3.979 0.530 7.330 

Average  0.360 2.422 0.351 0.784 
 

  

                                                 
31

 Interestingly, if a +3 valence state is assumed for Fe, the predicted slope is 0.347 µm/cm
2
, which is 

remarkably close to the measured values. The driven potential, 0.45 VSCE, is lower than the Fe 2+/3+ 

equilibrium potential at 0.527 VSCE.  
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Figure 6.38. Box plots showing the depth of dissolution during potentiostatic polarization 

at 0.45 VSCE in 1 M HCl solution for disordered-fcc (left) and ordered-pT (right) 

Fe50Pd50. The solid lines in the box indicate the 25
th

, 50
th

 and 75
th

 percentiles. The 

extended whisker shows the 5
th

 and 95
th

 percentile, and the crosses (x) indicate the 1
st
 and 

99
th

 percentile. The open square is the set average and the horizontal dashes (—) are the 

set minimum and maximum. The data represents the depth of dissolution as an area 

average of the sample surface in all cases except the fcc 400 second condition which is 

normalized to each grain. 
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Figure 6.39. Plot of the minimum, maximum and average depth of dissolution for 

disordered fcc (solid symbols) and ordered pT (open symbols) Fe50Pd50 as function of 

total accumulated charge density during potentiostatic polarization at 0.45 VSCE in 1 M 

HCl solution.  
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6.5  Discussion 

6.5.1  Orientation Dependent Dissolution in Disordered fcc Fe50Pd50  

Dissolution depth during potentiostatic polarization of fcc Fe50Pd50 in HCl 

solutions was found to depend strongly on grain orientation. The orientation dependency 

was also apparent in corrosion induced surface roughening and facet development. The 

{100} orientation is the most dissolution resistant orientation, and the {111} shows only 

slightly decreased dissolution resistance compared to the {100} orientation (Figure 6.22). 

Grains with these orientations showed the lowest surface roughness (Figure 6.23). In 

contrast, the {110} orientation is significantly more susceptible to dissolution than the 

other two low index orientations and shows no similar decrease in surface roughness at 

near {110} orientations. The most corrosion susceptible region, which also has the 

highest surface roughness after exposure, is orientations between 10 and 20° from the 

{111} (Figure 6.20). Of the low index planes the least close packed orientation, {110}, 

showed the most dissolution. Atomic packing density does not necessarily govern 

dissolution behavior, however, since the {111} orientation, the most densely packed 

plane, dissolves more easily than the less dense {100} orientation.
32

 However, both are 

more dissolution resistant and more dense than the {110} orientation. 

In dissolution studies on polycrystalline fcc Al and Al alloys
33

, the {111} plane 

typically showed the most dissolution in NaOH solution [4, 5, 13], but Zn enrichment on 

the least dissolved {100} orientations was significant [4, 13]. As the dissolution of the 

near {111} orientations revealed {111} terraces [5, 13], it seems likely that the {111} 

orientation would show a decreased dissolution rate. This is because fast {111} 

                                                 
32

 For the fcc Fe50Pd50 crystal structure the low index plane densities are: {111} = 15.96 atoms/nm
3
, {100} 

= 13.82 atoms/nm
3
, and {110} 9.77 atoms/nm

3
. 

33
 Not completely solid solution alloys. 
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dissolution would reveal other slower dissolving orientations and these orientations 

would then form the terrace-ledge structure. However, Holme studied a wide range of 

grain orientations, including several orientations near the {111}, and found no decrease 

in dissolution rate near that orientation [4]. 

In bcc Fe, the {100} orientation is the least densely packed and shows the highest 

dissolution rate [3, 26]. Fushimi reported [3] that the most dissolution susceptible 

orientation is the {100} orientation. Similarly behavior was seen in NO3
-
 solution [26]. A 

peak in the dissolution at intermediate orientations has not yet been reported. However in 

pitting behavior on bcc stainless steel, a peak number of pitting events was observed 

around β{100} of 25° [10]. 

As mentioned in the results section, a linear dependence of dissolution depth on 

β{100} (Figure 6.18) and β{111} (Figure 6.19) was observed. A linear dependence of 

corrosion on crystal orientation has been reported previously in several alloys, solution 

environments and corrosion regimes. Konig [14] studied oxidation of Ti of about 20 

different grain orientations by measuring the oxide interference patterns. A linear 

dependence on β was observed. Grains near the (0001) basal plane had a thinner oxide 

and higher oxygen evolution current density. At higher β, the oxide was thicker and 

oxygen evolution current density was lower. Schreiber [9] measured the current of the 

first oxidation peak on iron for 11 orientations and found a linearly increasing current 

with respect to β from the {100} to the {111} plane normal. No dependence on α, defined 

in Figure 6.4, was observed. Holme [4] measured Zn induced alkaline etching dissolution 

depth in a predominantly Al alloy. The {111} orientation showed the most dissolution; 
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dissolution depth decreased linearly with β{111}. The underlying mechanisms responsible 

for these observations are still unclear. Several possibilities will be considered. 

6.5.1.1  Surface Energy Considerations 

It is reasonable to expect that dissolution occurs more readily from grains with 

higher surface energy where the activation energy to dissolution is likely at a minimum. 

Correspondingly, the dissolution rate would be least in grains with the lowest surface 

energy. The change in Gibb’s free energy, ΔG, can be written as the sum of the chemical 

potential, µ, of the species in the reaction (bulk term) and to accommodate the change in 

surface energy between the oxidized and reduced states, γ (surface term): 

  ( )                      ∑        ∑      ∑            (6.2)  

where ν is the stoichiometric coefficient and k is a correction factor. This equation can be 

used to calculate the electrochemical half-cell potential, E
0
, as a function of surface 

energy of a specific {hkl} as follows: 

  ( )             (6.3)  

    
∑       ∑      ∑  ( {   }      )

  
    (6.4)  

The number electrons transferred, n, and F is Faraday’s constant. The E
0
 value for a 

specific {hkl} determines η, the overpotential, and thereby the dissolution of the reaction 

at an applied potential of 0.45 VSCE. 

     (         )   {   }
     {   }    (6.5)  

A grain orientation with high surface energy compared to a low surface energy would 

lead to a lower Nernst potential and at the 0.45 VSCE applied potential (Eapp) a faster 

dissolution rate. The difference in surface energy between different orientations is needed 

to approximate the difference in the Nernst potential. 
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Calculations of the surface energy by Nicolas [27, 28] were made by taking into 

account the number of broken bonds of each atom on an ideal fcc crystal surface 

assuming no surface relaxation (see selected crystallographic models for select 

orientations in Appendix 1). Thus, orientations with a high number of broken bonds per 

unit area would have the highest surface energy. Refinements to these calculations 

accounted for broken bonds up to many next-nearest neighbor interactions. Recently, 

modeling techniques have been applied to calculate the surface energy of fcc materials. 

Zhang [29] calculated the surface energy of a series of fcc surfaces for 15 metals using a 

modified embedded atom approach, MEAM. For all the metals modeled including Pd, the 

densely packed {111} plane had the minimum surface energy. On average the {110} 

orientation was 22% higher and the {100} orientation was 20% higher compared to the 

minimum surface energy of the {111} plane. The difference in surface energy 

calculations of the minimum and maximum {hkl} ranged from 0.1-0.6 J/m
2
. 

Using this range in surface energy calculations, the difference in E
0
 between 

different orientations can be approximated using Equation 6.4. If the largest difference 

(0.6 J/m
2
) is assumed, then the difference in E

0
 is 0.135 V.

34
 Thus, for the higher surface 

energy orientations, the effective overpotential (η) is 0.135 V higher increasing the 

current density (Equation 6.6) 14-fold for those high energy orientations relative to lower 

energy orientations assuming β, the charge transfer coefficient, is 0.5 and 2 electrons (n) 

are transferred during the reaction. 

     
    

        (6.6)  

                                                 
34

 The surface energy change (between the extreme values) was used to calculate the energy per mol of 

atoms (2615 J/mol) assuming 1.4·10
15

 atoms/cm
2
. 
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R is the universal gas constant. The exchange current density, i0, also likely changes 

based on the surface energy (i0 ∝ ex (-ΔG/RT) and other electrode characteristics (for 

example the adsorption of Cl
-
 is a likely reaction step and may show an orientation 

dependence). 

The trends in the surface energy do not exactly correspond to the surface energy. 

Zhang’s calculations show that the maximum calculated surface energy was typically at α 

= 0 i.e., orientations between the {100} and {110} plane normals e.g., {210}, {310} and 

{520}. Grochola [30] calculated the surface energy of the three low index planes of fcc 

iron at equilibrium temperatures and also at 0 K. For equilibrium temperatures between 

1200 and 1600 K, the surface energy of the orientations ordered from lowest to highest is 

{111} << {100} < {110} while at 0 K {111} < {110} < {100}. The ordinal ranking of the 

low index orientations and the orientations of maximum surface energy are consistent in 

both the broken bond model and the MEAM simulations. Measurements of the surface 

energy are generally consistent with these calculations [31].  

The surface energy calculations for pure Pd and Fe are shown Figure 6.40 and in 

the case of Pd the α-dependency is also shown. The dissolution susceptibility (Figure 

6.19) does not directly correspond to the surface energy calculations for pure elements. In 

Fe50Pd50, the {111} orientation is more susceptible to dissolution than the likely higher 

surface energy {100} orientation. Figure 6.12 and Figure 6.13 show a direct comparison 

between a {100} orientation, grain 11 (β{100} of 1.6°), and a {111} orientation, grain 12 

(β111 of 1.0°) with the later showing an increased dissolution rate. The measured regions 

of maximum dissolution are between 10 and 20° from the {111} plane normal (Figure 

6.22), which does not coincide with the maximum surface energy. In fact, the calculated 
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surface energy for these orientations is comparatively low (Figure 6.40). The calculation 

of the expected change in the Nernst potential of the dissolution reaction due to the 

difference between {hkl} surface energy suggests the root cause of dissolution 

differences with orientation is not based on thermodynamic considerations and instead 

may be based on kinetics. 

6.5.1.2  Experimental Determinations of Surface Energy 

It is clear that the surface energy changes as a function of orientation. At 

equilibrium, high surface energy orientations can achieve a lower energy by faceting to a 

series of low energy planes (e.g., {110} plane faceting to a {100} and {111}, see Wulff 

construction, γ, and γ
-1

 plots, [32]). Experimental determinations of the equilibrium 

surface energy based on the equilibrium crystal shape better represent the actual behavior 

of real crystals because relaxation and surface reconstruction phenomena are present. 

Heyraud and Metois [33] measured the equilibrium shape of fcc Pb at a series of 

temperatures and found that the {111} orientation had the lowest surface energy while 

the {100} and {110} orientations were approximately 2% and 5% higher, respectively. 

Another interesting feature of these plots is that the slope of increase in surface energy as 

a function of angle from the {100} orientation is much lower than that of the {111} 

orientation, while there is little to no decrease near the {110} orientation. These features 

are even more pronounced in similar measurements of the surface energy of Cu by 

McLean [34]. The surface energy increases very gradually up to 40° from the {100} 

orientation then decreases sharply to the minima at {111}. Similarly, no decrease is 

measured in proximity to the {110} zone, see Figure 6.41. Additionally, the maximum 

surface energy is within 20° of the {111} axis. The slopes of these lines are somewhat 
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similar to those observed in Figure 6.18; however; the minimum surface energy is still 

the close packed {111} plane. These plots vary for different temperatures and the 

correlation of the dependence of surface energy on orientation to the dependence of 

dissolution with orientation is unclear. 

6.5.1.3  Effect of Surface Relaxation 

It is unlikely that surface reconstruction is playing a dominant role after the initial 

dissolution behavior. Surface relaxation is typically the first few layers of atoms. For Pd, 

it is typically limited to the first 3 monolayers [35]. The fcc structure dissolves 18 

monolayers per second based on the average dissolution rate (0.0063 µm/s) and the pT 

structure dissolves faster. Surface diffusion in solution coefficients are on the order of  

10
-11

 cm
2
/s [36]. It is likely that the surface is dissolving more quickly than surface 

reconstruction based on surface diffusion could occur. The dissolution rate is most likely 

determined by the properties that govern which irrational planes are revealed during 

dissolution and what their dissolution rate is. 
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Figure 6.40. Calculated surface energy, γ, of Pd on the IPF (top) and as a function of 

β{100} (bottom) at α = 0 and 45 °. There is a pronounced dependence of the surface energy 

on α. The highest surface energy occurs at orientations around β{100} 20 – 30° and α = 0° 

for Pd. The fcc orientation energy based on MEAM calculations from Zhang [29]. the 

calculated surface energies for bcc Fe at 0 K and 1200 K (equilibrium) based on 

calculations from Grochola [30] (also by the MEAM method). 
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Figure 6.41. Surface energy anisotropy for Cu at three different annealing temperatures, 

adapted from [34]. Reprinted from [33] with permission from Elsevier BV.  

 

6.5.1.4  Terrace and Ledge Structure 

The morphology of post exposure grains is dominated by relatively flat but 

microscopic terraces and ledges. Grains with orientations near {100} and {111} have 

scalloped like structure with no apparent terraces or ledges, are shown in Figure 6.14 and 

Figure 6.28 after various levels of dissolution. These grains exhibit the lowest surface 

roughness. Grains at higher β{100} (and β{111} greater than 10°) have micrometer scale 

structural features dominated by terraces and ledges. For instance, Grains 2 and 8 (Figure 

6.11) are good examples of highly dissolved, high surface roughness grains which 

develop a corrosion induced characteristic faceted structure. After increased dissolution 

the micrometer scale faceted structure becomes more pronounced (Figure 6.28-6.27). 

These results are consistent with published results for fcc Al where high index 

orientations dissolve to form {111} and {100} terraces and the {111} terraces dissolve in 

a <110> direction [5].  
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Grains with the highest surface roughness show similar characteristic 

crystallographic features. These grains also have the highest dissolution rate. 

Interestingly, some highly dissolving grains very near the great circle between {110} and 

{111} do not show significant crystallographic facets or roughness suggesting some 

underpinning structural mechanism in terms of a α dependence, but this effect is only 

applicable to a few grains and is not a dominant feature. 

As the fcc Fe50Pd50 grain orientation diverges from the {100} orientation, 

micrometer scale ledges become increasing prevalent. Comparisons of Grain 1, 3 and 5 

which have increasing β{100} from 9.1 to 17.1 to 21.1°, respectively, reveal this feature. 

After increased dissolution, the structural features become even more apparent, Figure 

6.28. This correlation supports the idea that the dissolution rate of a given grain 

orientation is predominantly determined by the dissolution rate of the slowly dissolving 

low index terraces and the lateral
35

 dissolution of the likely higher index ledges. Another 

example supports the idea that dissolution is likely dissolution is dominated by ledge 

dissolution, which has a specific orientation and corresponding susceptibility to 

dissolution. In the {533} grain in Figure 6.27, consists of a mixture of two facet types 

smooth and rough. The facet making up the larger surface area is morphologically rough, 

indicative of increased dissolution whereas the other facet type is comparatively smooth. 

This surface falls within orientation range of highest dissolution. Thus the large surface 

area of highly dissolving facets leads to the overall high dissolution susceptibility. 

After increased dissolution (Figure 6.28), the terraces exhibit micrometer scale 

kinks which can further enhance dissolution by providing an irrational surface even more 

favorable to dissolution. This grain behavior is consistent with the mechanistic 

                                                 
35

 Lateral with respect to the terrace, often not the original orientation surface orientation. 
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interpretation of these results; the overall dissolution rate is determined by type and 

fraction of surface coverage of steps and terraces. 

6.5.2  The Role of Crystal Structure during Dissolution of fcc and pT Fe50Pd50 

One clear conclusion drawn from these results is that the pT structure dissolves 

more quickly than the fcc structure. To compare the surface morphologies it is best the 

surfaces after similar total accumulated charge density, and thus, similar amounts of 

overall dissolution. At 1500s the pT structure has undergone a similar amount of 

dissolution as the fcc state after the 2500 s polarization. Comparison of the surface 

morphology between ordered pT (Figure 6.34) and disordered fcc (Figure 6.25-6.28) 

show that the disordered fcc state surface maintains grain integrity with grain-

characteristic faceting; dissolution of the pT structure results in pit formation and only 

limited grain specific dissolution morphology. The fact that the grain structure is 

maintained and pits do not form during all stages of the fcc structure dissolution is a key 

difference in behavior resulting from the change in structure in Fe50Pd50. 

The change from fcc to pT structure involves a slight lattice expansion along the 

c-direction to accommodate the Pd atoms occupying the c = 1/2 lattice sites. Thus, the Fe 

and Pd atoms alternate layers within the crystal. The lattice expansion results in an 

accompanying decrease in density from 9.789 g/cm
3
 for the fcc structure to 9.755 g/cm

3
 

for the pT structure. The formation of polytwins can amount to additional pseudo-grain 

boundaries (if incoherent) and during the initial dissolution these boundaries 

preferentially dissolve (Figure 6.32). The chemical organization of atoms to specific 

atomic positions, lattice expansion, and increase and polytwinned structure each likely 
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contribute to the increase in dissolution in the ordered state compared to the disordered 

state. 

Effect on bond strength due to chemical ordering  

The bond strength of an atom can be influenced by up to the third nearest 

neighbor [37]. In its simplest interpretation, the act of dissolution involves the separating 

an atom from the underlying atoms that remain bound to the metal. In the disordered 

alloy each atom is surrounded by neighboring atoms each with a 50% chance to be a Pd 

atom. Thus, significant differences in the bond strength between Fe-Fe and Pd-Pd vs Fe-

Pd result in a distribution of atoms being more strongly bound than others. Based on the 

polarization scans, Figure 6.7, high purity Pd dissolving to the equilibrium PdCl4
2-

 

complex is dominated by the HER likely due to kinetic limitations. At higher applied 

potentials, dissolution behavior dominates. At the applied potential of the dissolution 

experiments (0.45 VSCE) the dissolution rate of Pd is orders of magnitude lower than the 

Fe dissolution rate. While alloying Pd into Fe does not result in passivity, it is likely some 

dissolution moderating effect is played by Pd atoms. As dissolution occurs, the more 

strongly bound atoms resist dissolution while the more weakly bound atoms dissolve 

more easily, similar to how adatoms dissolve before kink sites, etc. If there is a 

significant enough delay between the dissolution of the two types (a continuum of 

binding strengths would exist in reality) then the comparative ease of dissolution of 

weakly bound atoms will result in a shift of the surface towards a larger density of harder 

to dissolve, more tightly bound atoms. The periodic nature of the ordered pT structure is 

constrained by the compositional ordering in the alloy. The binding strength of these 

atoms would be a series of discrete states unlike the continuum in the disordered 
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structure. As atoms dissolve, the revealed layer will follow the same periodic set of 

atoms. This feature speculatively decreases the dissolution resistance and clearly 

outweighs any beneficial contribution by the ability of the pT structure to form uniform 

sheets of Pd atoms (e.g. (100) orientations that would reveal uniform sheets of Pd atoms, 

and be more dissolution resistant). 

6.6  Conclusion 

Disordered fcc Fe50Pd50 undergoes crystallographic dependent dissolution during 

polarization well above reversible electrode potentials for both elements in HCl solution. 

The dissolution depth after a given time was found to depend on the grain normal 

direction or the plane of the polished surface. Of the 300 orientations measured, the 

{100} and {111} orientations were found to be the most dissolution resistant. The {100} 

orientation is slightly more resistant than the {111} orientation. The most corrosion 

susceptible region was between 10 and 20° from the {111} plane normal. Dissolution 

increased linearly as a function of the angle between the plane normal and the pole 

normal up to 40° from the {100} plane normal and up to 10° from the {111} plane 

normal. The increase in dissolution with crystallographic angle from the {100} 

orientation was substantially lower than from the {111} orientation. No such dependence 

was observed for orientations near the {110} plane normal.  

The corrosion-induced micrometer scale surface roughness and faceted structure 

was found to correlate with {hkl} dissolution depth. The surface faceting and roughness 

was highest in regions of highest dissolution; while orientations near the {100} and 

{111} orientations were the relatively smooth. Dissolution resulted in well-defined 

crystallographic terrace and ledge features. The terrace-ledge structure was maintained in 
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individual grains after increased dissolution. These observations are consistent with 

dissolution eventually revealing low index terraces and steps, and further dissolution 

proceeding most rapidly laterally on the ledge and kink facets. A comparison to surface 

energy revealed similar trends, but an exact correlation was not confirmed. 
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6.7  Appendix 1. Crystallographic Models of Selected Orientations 

{111} 

 
{544} 

 
{432} 

 
Figure 6.42. Crystallographic models of the orientations near the {111} plane normal. 

{544} is 6° from the {111} plane normal (β{111} = 6.2°). {432} is 15° from the {111} 

plane normal and lies in the region of orientations with the highest susceptibility to 

dissolution. Models created using Diamond Crystallography Software 

(http://www.crystalimpact.com/). 
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{100} 

 
{721} 

 
{732} 

 
Figure 6.43. Crystallographic models of orientations near the {100} plane normal: {100} 

top, {721} middle and {732} bottom. {721} is 17° from the {100} plane normal (β{100} = 

17.7°). {732} is 27° from the {111} plane normal. 
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{110} 

 
{431} 

 
Figure 6.44. Crystallographic models of the orientations near the {110} plane normal. 

{431} is 14° from the {100} plane normal (β{110} = 13.9°). 
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7    Conclusions and Future Work 

7.1  Conclusions 

This dissertation has studied the role of selected nano-structural defects on 

corrosion properties in two model solid solution alloy systems. The investigation of the 

amorphous to single phase crystalline transformation in Cu75Hf20Dy05 indicated that the 

disordered amorphous structure is detrimental to the overall corrosion performance, 

theorized to be due to local atomic clustering of beneficial solute atoms or void-free 

volume issues. Either one of these is argued to effect the corrosion properties. High-

resolution characterization techniques did not completely determine the presence of a 

clustering layer. Compositional analysis performed using scanning TEM indicated 

compositional contrast on the order of 10 nm, however atom probe tomography was 

unable to detect any clustering, likely due to detector efficiency limitations. In the 

passive/localized breakdown condition the efficacy of passive film formation was 

reduced in the amorphous state leading to an increase in dissolution transients. During 

preferential dissolution of Hf from the matrix, the amorphous structure enabled more 

rapid dissolution of Hf and reconstruction of Cu into fcc polycrystalline Cu. When 

alloying elements can be retained in solid solution, the amorphous condition is a 

detrimental effect when considering the corrosion performance in the sense of resistance 

to degradation. However in cases where rapid formation of the dealloyed layer with 

nanoscale porosity is sought, using amorphous precursor alloys proves to be a beneficial 

quality.  

In the Fe50Pd50 model alloy system the role of structural change was studied by 

comparing a disordered crystalline (fcc) phase to an ordered crystalline (pT) phase of the 

same composition. A significant difference in behavior between the two structural states  
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was observed in HCl solution under conditions where both Fe and Pd undergo congruent 

dissolution. The overall dissolution susceptibility of the ordered case was higher than the 

crystalline case. It is thought the underlying polytwinned microstructure is the key factor 

underlying this behavior instead of compositional effects due to the ordered structure. 

In the case of the disordered (fcc) Fe50Pd50 phase, the dissolution susceptibility in 

HCl solution was shown to depend on the crystallographic orientation of the individual 

grains. Grain orientations showed grain characteristic faceting and the most dissolved 

orientations (10 - 20° from the {111} plane normal) also showed the highest surface 

roughness. Orientations near the {111} becoming more dissolution resistant has not been 

observed in other fcc dissolution studies. These results were compared to surface energy 

of other fcc metals and similar trends were revealed but an exact correlation was not 

confirmed. 

In both alloy systems, these results make clear that categorical determinations of 

the ‘corrosion resistance’ based on single environments is not a very useful metric for 

determining the properties of new alloys. In particular, amorphous alloys containing a 

given solid solution are often assumed to be more corrosion resistant than their crystalline 

counterparts, in part, due to the amorphous structure. In reality, the corrosion behavior of 

amorphous alloys exhibit electrochemical behavior that is highly dependent on corrosion 

regime and environment as well as the precise details of the interplay of the constituent 

species. Factors that should be considered include: 1) Passive layer formation criteria 

(critical threshold concentration for enrichment of the oxide of the beneficial element and 

complete surface net coverage), 2) Role of constituent beneficial elements as dissolution 
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moderators, and 3) Effect on ad/absorption of ions, effect on surface diffusion and other 

pertinent parameters to a specific corrosion regime. 

7.2  Suggested Future Work 

7.2.1  Role of the Amorphous Structure on Corrosion Properties in the 

Cu75Hf20Dy05 Alloy 

 The conclusions drawn from the electrochemistry experiments on Cu75Hf20Dy05 

indicated a strong effect theorized to be due to compositional clustering in the 

amorphous structure. Atom probe tomography work did not indicate any 

significant clustering, however the detector efficiency makes detecting one for 

one clustering characterization at the 1
st
, 2

nd
, and 3

rd
 nearest neighbor length 

scales difficult to determine. Improvements to the spatial resolution (counting 

efficiency) of atom probe tomography could serve to definitively characterize the 

local atomic clustering. Modeling and scattering experiments similar to cited 

examples of the Cu-Zr system would be another avenue to determine the 

existence of clusters.  

 In general the effect of local clustering and the effect of 1
st
, 2

nd
, 3

rd
 NN 

arrangements is poorly understood due to limitations in electrochemical and 

characterization techniques. These variables, including free volume, affect the 

bonding strength and the ability to form a complete surface net of beneficial 

solute. One possible route for direct observation of the role of clustering would be 

corrosion of TEM foils, but high compositional resolution would be required. 

 Preferential dissolution of Hf from the alloy matrix and subsequent reorganization 

to form a nanoporous Cu suggested that the surface diffusion of Cu on the alloy 

surface showed a strong dependence on the underlying structure. Surface 
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diffusion on metallic amorphous materials has currently not been studied. Cited 

studies on amorphous Si indicate a different mechanism of surface diffusion on 

amorphous compared to crystalline materials due to a ‘continuum’ of binding 

energies enabling many short range diffusion steps. Experiments on amorphous 

metals could determine the mechanism of surface diffusion. This knowledge 

could prove important in the design of future nanoporous materials which are 

becoming more prevalent as the need for catalysts and fuel cells becomes more 

widespread. 

7.2.2  Role of the Structure in the Fe50Pd50 Alloys 

 The increase in dissolution observed in ordered pT structure over the disordered 

fcc structure of the same composition is thought to be, in part, due to the 

underlying polytwinned structure in the ordered pT structure. Specific thermal 

mechanical processing could be tried to achieve a microstructure free of 

polytwins. Then the effect of the polytwins could be isolated and investigated. 

 The grain orientation dependent dissolution study of the disordered fcc Fe50Pd50 

alloy in HCl solution could be enhanced by several additional series of 

measurements and modeling:  

o The dissolution induced morphology of each grain results in specific 

characteristic facet formation. The orientation of these facets would prove 

very informative. One possible procedure for determining facet 

orientations involves ion milling the surface parallel to the facets. This 

would enable using standard EBSD to determine the facet orientation. The 
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work presented within this thesis would serve as an important guide for 

what orientations should be studied in more detail. 

o The orientation dependence of the disordered Fe50Pd50 dissolution showed 

somewhat similar trends to the surface energy as a function of orientation 

determined via modeling and experiment for various fcc metals. Modeling 

the exact values of surface energy for the binary fcc Fe50Pd50 alloy could 

more conclusively determine if the dissolution rate shows a conclusive 

dependence on surface energy. Additionally other factors such as the 

electronic structure may prove informative. 

o Electrochemically, determining the kinetics of the dissolution reaction on 

different orientations should be the next step in this research as the 

reaction rate may have a strong orientation dependence. Larger grains, 

achieved via long term annealing, would allow isolation of each grain 

electrically (by masking of other grains or using the electrochemical 

microprobe technique). Experiments on individual grains could then be 

used to elucidate the orientation dependence of the dissolution kinetics. 

 


