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Abstract: 

The motivation for the investigations performed in this thesis is the aspiration to 

develop a metallic coating and an environmentally friendly duplex coating system 

with superior corrosion & mechanical properties. This in turn will reduce the raw 

material usage, prolong the structural integrity and save money to the manufacturers 

and customers. To this end, a quaternary metallic coating alloy system and a duplex 

coating system with a synergy between the metallic and organic layers with 

enhanced corrosion properties are developed. A combination of novel techniques 

such as; Scanning vibrating electrode technique (SVET) and Time-lapse microscopy 

(TLM) are used to understand and establish the corrosion mechanism of a quaternary 

metallic alloy and duplex coating system. Miniature testing techniques such as 

Nanoindentation, Vicker hardness and Small punch tensile test are used to 

understand the mechanical properties of the quaternary metallic alloy. The original 

contributions to knowledge are the establishment and validation that a magnesium 

source such as Mg2Ge and Mg2Si could perform as a corrosion inhibitor and provide 

a transient level of protection when embedded in the metallic coating systems.  

A varying amount of germanium (Ge) was introduced into the ternary Zinc 

Magnesium Aluminium system (ZMA- 0 Ge). The introduction of Ge had a 

significant impact leading to the formation of Mg2Ge. The area fraction of the 

eutectic phase diminished with increasing Ge addition, accompanied by a 

corresponding increase in area fraction of primary zinc and Mg2Ge. These 

microstructural changes have significantly enhanced the corrosion performance and 

altered the corrosion mechanism, particularly on the highest Ge addition (ZMA-1.8 

Ge). Both SVET and TLM showed a significant delay in visible anode formation 

however SEM-EDS analysis and TLM using indicator revealed the phenomenon of 

Mg2+ ions discharge from Mg2Ge during this delayed period, which is associated 

with the enhanced corrosion protection. Nanoindentation revealed a significant 

difference in hardness between the zinc phase and the eutectic phase of ZMA-0 Ge. 

All Ge containing alloys demonstrated a significant decline in plastic deformation 

however the magnitude of declination was similar. 

Mg2Si particulates embedded as a source of magnesium in a zinc-rich powder-based 

galvanising system (Zn) perform as corrosion inhibitors and reduce the SVET 
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measured aqueous corrosion metal loss exponentially. Similar to Mg2Ge, Mg2Si 

particles preferentially anodically dissolved discharging Mg2+ ions galvanically 

protecting the zinc surface consequently reducing the initial Zn corrosion. In 

addition, the presence of Mg2Si delayed the initiation and diminished the cathodic 

delamination rate of Zn. In both cases (Mg2Ge and Mg2Si), once exposed to the 

corrosive electrolyte the initial discharge of Mg2+ ions enabled the pH to rise above 8 

as Mg2+ ions will not hydrolyse. This rise in pH will encourage the precipitation of 

Mg(OH)2 and also stabilise pre-existing Zinc oxide/hydroxides on the sample 

surface. 

The addition of 1 wt.% of calcium (Ca) to Zn led to the formation of intermetallic 

CaZn13. SVET and LPR measurements demonstrated a significant enhancement in 

corrosion resistance. TLM demonstrated that corrosion initiated and preferentially 

grew via CaZn13. The addition of Na3PO4 enhanced the corrosion resistance 

significantly of both systems with the effect being much higher in presence of Ca. 

TLM revealed a significant variation in the corrosion mechanism of Zn and Zn-1Ca 

in presence of Na3PO4. For Zn, the growth of the anode was restricted by the 

precipitation of insoluble corrosion product in the vicinity of the anode whereas for 

Zn-1Ca it leads to a formation of a protective film that covers the whole of the 

exposed surface. It is postulated that the superior corrosion resistance offered by Zn-

1Ca in the presence of Na3PO4 could be due to the formation of Ca3(PO4)2 and 

Zn2Ca(PO4)2.2H2O with a more compact structure and better preventive ability. 
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Chapter 1 Background 

1.1 Introduction 

Steel and its products are used extensively in various construction and manufacturing 

industries. Steel has been the foundation of the last 100 years of development and 

progress and will continue to be fundamental in overcoming new challenges in the 

coming years. World crude steel production reached 1867 million tonnes for the year 

2019 [1]. Steel is relatively inexpensive, found in abundance, offers high strength to 

weight ratio and has good formability. However, steel comes with a nemesis, it is 

prone to corrosion which can cause a substantial problem with its structural integrity. 

This steel corrosion is typically seen as; an oxide layer (Fe2O3) on the steel surface. 

The cost of corrosion is astronomical. It is estimated to be US$2.5 trillion, which is 

3.4% of the global Gross Domestic Product (GDP) of 2013 [2].  

Several approaches have been used to prevent corrosion in the steel industry among 

which galvanisation has been the most widely used. Hot-dip galvanised (HDG) steel 

utilises the electrochemical properties of the zinc (Zn) to preferentially corrode to 

protect the steel, as it has more negative electrode potential under the galvanic series. 

In addition to Zn sacrificially protecting the steel it also acts as a protective barrier 

between the steel and the environment [3]–[6]. Zinc alloyed with varying amounts of 

aluminium such as Galfan (Zn-5Al) and Galvalume (Zn-55Al) offers greater 

corrosion protection than conventional HDG Zn coated steel. In comparison to Zn 

only coating, Galfan and Galvalume offer 1.5-2 and 2-4 times improved protection 

respectively [7]–[9]. In recent years ternary systems such as zinc magnesium 

aluminium (ZMA) have been found to offer even greater corrosion protection 

compared to a binary system (Galfan) and Zn only metallic coating [10]–[12]. 

Hence, ZMA is a subject of significant interest to numerous industries such as 

automotive and construction. 

Although ZMA offers better protection compared to Zn and Zn-Al coatings, 

significant effort has been put to further improve the corrosion resistance of ZMA. 

Several approaches have been applied, i) though modification of its microstructure 

via alteration in processing parameters [13], [14] ii) by changing the concentration of 

Mg and Al [15], [16] and iii) by adding quaternary alloy additions [17][18]. Here, we 

implement the 3rd approach i.e addition of a quaternary element to ZMA. 
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1.2 Fundamentals of corrosion 

The corrosion process is typically associated with processed metals. This is due to 

the energy needed to remove the metals from their ore and process them into alloys 

that have the desired properties. This processing makes alloys, such as steel, in a 

metastable state and is thermodynamically unstable. Corrosion is the natural process 

in which these processed metastable metals will return to their oxidised form when 

exposed to atmospheric conditions [19]–[21]. 

1.2.1 Gibbs Free Energy 

The tendency of a metal to corrode in terms of thermodynamics is given by Gibbs 

free energy (ΔG). It is the driving force for the corrosion to occur. Therefore, the 

value of ΔG is used to predict whether the corrosion will occur or not. If ΔG < 0, the 

corrosion reaction will occur spontaneously however if ΔG > 0 it will not occur. The 

Gibbs free energy is given by equation 1.1.  

ΔG = -nFE                                                  [1.1] 

Where, n is the number of moles of electrons, F is Faraday’s constant (96485 Cmol-

1), and E is the cell potential (in volts). 

Figure 1.1 represents the Gibbs free energy of metal. ΔG* in Figure 1.1 is the 

activation energy. For corrosion to occur ΔG* must be overcome and the lower the 

value of ΔG* greater is the tendency of a metal to corrode [20]. In the presence of an 

electrolyte (water, salt solution, moisture) the activation energy of metal reduces and 

the corrosion rate of metal increases. The corrosion products possess the same energy 

level (state) as that of ore. 
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Figure 1.1: Gibbs Free Energy diagram of a metal 

1.2.2 Electrochemistry of Corrosion 

Corrosion is an electrochemical process in which transfer of electron occurs and is 

also known as Redox reaction where two different reactions, oxidation and reduction 

reactions occur simultaneously. For example in the case of iron (Fe) in aerated water 

(H2O) at neutral pH: 

Oxidation reaction which occurs at the anodic site: 

2Fe → 2Fe2+ + 4e-                                                                                                  [1.2] 

Reduction reaction which occurs at the cathodic site: 

O2 + 2H2O +4e- → 4OH-                                                                                       [1.3] 

Full reaction 

2Fe + 2H2O + O2 → 2Fe2+ + 4OH- → 2Fe(OH)2                                                                          [1.4] 

An electrochemical cell is established during corrosion. The cell comprises four 

primary components; an anode, a cathode, an electrolyte and an electrical connection 

between anode and cathode. The distance between anodic and cathodic sites 

determine the type of corrosion. In situations where anodes and cathode are small, 
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relatively close and are numerous, it is termed ‘general corrosion’ whereas if they are 

large and discrete, it is termed as ‘localized corrosion’. 

Oxidation reaction occurring at the anodic site leads to the formation of metal cations 

and the production of free electrons, as presented in equation 1.5. 

M → Mn+ + ne-                                                                                                       [1.5] 

Where ‘M’ is a metal atom. The produced metal cations (Mn+) are dissolved into the 

electrolyte and the excess electrons are transferred and consumed at the cathodic 

sites for the reduction reaction. A schematic of the corrosion cell established on a 

metal surface is presented in Figure 1.2.  The anodic reaction remains unchanged 

however the cathodic reactions are influenced by the pH (-log[H+]) of the electrolyte 

and are presented in equations 1.6 - 1.9. 

Hydrogen 

2H+ + 2e- → H2 (acidic conditions)                                                                     [1.6]  

Oxygen 

O2 + 4H+ + 4e- → 2H2O (acidic conditions)                                                         [1.7] 

O2 + 2H2O +4e- → 4OH- (neutral/basic conditions)                                             [1.8] 

Water 

2H2O + 2e- 
→ H2 + OH- (neutral/basic conditions)                                             [1.9] 

 

Figure 1.2: Corrosion cell established on a metal surface. 
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1.2.3 Electrode potential 

When two metals are in electrochemical contact the relative potentials of the 

reactants will allow us to predict the direction and the magnitude of the driving force 

for the electrochemical reactions. A scale of relative potentials exists for typical 

redox reactions (equation 1.10) when measured against a standard hydrogen 

electrode in comparable conditions and all of the species in their standard states. This 

is typically termed at the standard cell potential (Ecell).  

The standard electrode potential (Eo) is the measurement of relative strength as an 

oxidising or reducing agent of a material. Thus, Eo gives us the measure of the 

thermodynamic possibility of corrosion occurrence. Whilst Eo provides useful 

information regarding the likelihood of corrosion occurrence, it has a limitation as it 

does not provide information regarding the corrosion rate.  

When two different metals form an electrochemical cell,  metal with higher Eo acts as 

a cathode and the other an anode. The potential difference (ΔE) between two metals 

(electrodes) is called the electromotive force (e.m.f) and is presented in equation 

1.10. 

ΔE ( Ecell )= E1 (Ecathode )- E2 (Eanode )                                                                    [1.10] 

The larger the ΔE, the greater is the driving force for the reaction [22]. To determine 

the electrode potential two-electrode setup consisting of a working electrode and 

reference electrode are used. Where : 

working electrode = electrode of interest 

reference electrode = electrode delivers stable and well-known potential. 

Different types of reference electrodes are available but here we will only discuss 

standard hydrogen electrodes and calomel electrodes. 

Standard Hydrogen Electrode (SHE): 

The standard hydrogen electrode consists of a platinised platinum electrode 

submerged in a 1 mol dm-3  acid (HCl) and 1 atmospheric pressure hydrogen gas at 

298 oK. In this half cell, the hydrogen ions are reduced to produce hydrogen gas as 

presented in equation 1.11. 

2H+ + 2e = H2                                    E=0.00V                                                    [1.11] 
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It is arbitrarily assumed to have zero potential hence providing a zero reference point 

for electrode potential [23]. 

Calomel electrode : 

In this system, the potential is dependent on the chloride ion concentration. The 

potential determining equilibrium is presented in equation 1.12. 

Hg2Cl + 2e = 2Hg + 2Cl-                                                                                     [1.12] 

Any measurements made using the calomel electrode could be converted to the SHE 

scale by adding 0.242V. 

1.2.3.1 Electrochemical series 

Metals are arranged in electrochemical series per their electrode potential (Eo) 

measured against a standard reference electrode. Metals with high positive Eo are 

recognised to have good corrosion resistance conversely, metals with high negative 

Eo exhibit a tendency to corrode easily [23]. Eo of different elements measured 

against the standard hydrogen electrode at room temperature (25oC) are shown in 

Table 1.1. [22] 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

Table 1.1: The electrochemical series 

Electrode Reaction Potential Eo (V vs SHE) 

Au+ + e- = Au  + 1.498 

Pt2+ + 2e- = Pt + 1.200 

Ag+ + e- = Ag + 0.799 

Hg2+ + 2e- = Hg + 0.788 

Cu2+ + 2e- = Cu + 0.337 

2H+ + 2e- = H2    0.000 

Pb2+ + 2e- = Pb          - 0.126 

Sn2+ + 2e- = Sn - 0.136 

Ni2+ + 2e- = Ni                - 0.250 

Cd2+ + 2e- = Cd - 0.403 

Fe2+ + 2e- = Fe - 0.440 

Cr3+ + 3e- = Cr - 0.744 

Zn2+ + 2e- = Zn - 0.763 

Al3+ + 3e- = Al - 1.662 

Mg2+ + 2e- = Mg - 2.363 

Na+ + e- = Na - 2.714 

Ca2+ + 2e- = Ca - 2.870 

K+ + e- = K - 2.925 

 

1.2.4 Corrosion kinetics 

Electrode potential indicates the thermodynamics possibility of corrosion reaction to 

occur, whereas kinetics addresses the rates at which they occur. In general, metals 

are exposed to non-standard conditions and the variables such as temperature, 

concentrations have a significant influence on the undergoing oxidation and 

reduction reactions. The electrode potential when the temperature and concentration 

are not standard is given by the Nernst equation, as given in equation 1.13. 

E = Eo + 
𝑅𝑇

𝑛𝐹
  In

[𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠]

[𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠]
                                                                                                   [1.13] 

Where, 

E = non-standard condition electrode potential 
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Eo = standard electrode potential 

R = universal gas constant (8.31 J mol-1 K-1) 

T = absolute temperature (oK) 

n = number of electrons  

F = Faraday constant (96500 C mol-1) 

[Products] = concentration of aqueous products from oxidation reaction 

[Reactants] = concentration of aqueous reactants from reduction reaction 

As in Figure 1.2, when a corrosion cell initiates on a metallic surface, the anodic and 

cathodic reactions are established. The rate of corrosion on those reactions are 

determined by the current (rate of ions/electron) flow with respect to time. The rate 

of corrosion is used to determine the current densities (current per unit area) at anode 

and cathode. If the currents rate at anodic and cathodic are given by Ia and Ic 

respectively. At equilibrium, the anodic and cathodic current densities are equal, 

therefore, the net exchange current density of the cell is equal to zero as given in 

equation 1.14. 

Ia = -Ic = Io                                                                                                            [1.14] 

Where, 

Ia = anodic current rate (oxidation rate) 

Ic = cathodic current rate (reduction rate) 

Io = net exchange current density 

However, during the corrosion phenomenon, this equilibrium is lost and the potential 

of the system is different than that predicted by the Nernst equation. This deviation 

of potential from the equilibrium is called the over potential (𝜂) and is given by 

equation 1.15. 

𝜂 = E - Ee                                                                                                              [1.15] 

Where E is electrode potential and Ee is the Nernst electrode potential.  
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1.2.4.1 Evans diagram 

A graphical representation of potential, E, against the logarithm to the base of 10 of 

the current, I, is known as the Evans diagram. A plot of E vs log10 I produces a 

straight line known as a Tafel plot. A combination of Tafel plots of individual anodic 

and cathodic processes produces Evans diagram. Evans diagram for a metal 

immersed in an aerated solution is presented in Figure 1.3. 

 

Figure 1.3: Evans diagram / Tafel plots for a metal immersed in an aerated solution. 

Evans diagram demonstrates a potential that a freely corroding system adopts which 

is denoted as Ecorr . The corresponding corrosion rate in the form of current density is 

denoted as Icorr. The Evans diagram represents the effect of over potential (𝜂) on each 

half-reaction (anodic and cathodic) taking place on the electrode. The diagram 

provides valuable information regarding the rate of reaction for overall corrosion 

events in a system. At the point where two individual slopes (anodic and cathodic) 

intersect, the sum of anodic and cathodic current densities is equal to zero and the 

corresponding potential is known as open circuit potential.  
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1.2.5 Mechanics of corrosion 

The corrosion rate of metal in an electrochemical cell is affected by several factors 

such as the electrode potential of the metal in the electrolyte, the pH of the 

electrolyte and the temperature of the cell. However, during corrosion two different 

types of electrochemical cells could form; galvanic corrosion cell and differential 

aeration cell. 

1.2.5.1 Galvanic corrosion cell 

In a galvanic corrosion cell, the anode and cathode are two different materials with 

different electrode potentials. Typically the materials with more negative potential act 

as anode and material with relative more positive potential acts as the cathode. The 

galvanic corrosion cell is driven by the potential difference between the anode and the 

cathode.  The representation of a galvanic corrosion cell is presented in Figure 1.4. 

 

 

Figure 1.4: Galvanic corrosion cell 

1.2.5.2 Differential aeration cell 

When a metal surface is exposed to an electrolyte, the oxygen concentration acts as 

the driving force for anodic and cathodic activities. The region with higher oxygen 

concentration will predominantly form a cathodic site, where the region with lower 

oxygen concentration acts as an anodic site. This differential aeration cell is well 
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visualised by a drop of water on the surface of iron also known as Evans Water Drop. 

The schematic of Evans Water Drop is presented in Figures 1.5 (a) & 1.5 (b). 

 

Figure 1.5(a): Evans water drop on the metal surface 

 

Figure 1.5(b): Differential aeration cell (Evans Water Drop mechanism) 

The oxygen concentration at the interface between the waterdrop and metal surface 

dictates the site of preferential cathodic and anodic reactions. The oxygen diffusion 

path varies along with the water droplet hemispherical profile as shown in Figure 

1.5(a). The diffusion path for oxygen along the water drop edge is shorter whereas 
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the centre of the water drop has the longest diffusion path. The longer diffusion path 

restricts the oxygen availability at the centre of the water droplet, thus forming a 

preferential anodic site. Meanwhile, at the edges of the water droplet oxygen 

replenish more easily, therefore, forming a preferential cathodic site. The metal ions 

dissolved in the solution encounter the hydroxide ions moving inward forming 

corrosion product at the interaction point. This process can be envisaged in Figure 

1.5(b). 

1.2.6 Selective attack 

Corrosion which occurs at particular sites on a surface is referred to as selective 

attack corrosion. The selective attack occurs due to the difference in physical or 

compositional variation. Metals and alloys at a microscopic level are rarely uniforms 

due to the presence of grain boundaries and imperfections such as dislocations, voids 

and cracks. These imperfections possess higher thermodynamic energy levels as a 

result are prone to corrosion. In addition, the presence of intermetallics and metallic 

compounds within the microstructure also leads to selective corrosion attack. The 

selective attack can be categorised into grain boundary corrosion, intergranular 

corrosion and selective leaching.  

 

Figure 1.6: ZMA immersed in 1wt.% NaCl showing the anodic initiation site located 

in the inter-dendritic arm spacing of the primary zinc dendrites and growing 

preferentially through the eutectic phase. 
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Zinc magnesium aluminium (ZMA) metallic coating alloys are also subject to 

selective attack corrosion. During corrosion, anodes are initiated at the eutectic phase 

and grow preferentially through the eutectic phase leaving behind islands of zinc 

phases. This selective attack phenomenon on ZMA is presented in Figure 1.6. 

1.2.7 Pourbaix diagrams                       

Potential – pH diagrams are known as Pourbaix diagrams and represent the stability 

of a metal as a function of potential and pH. These diagrams are based on the Nernst 

equation and solubility of metal and its species such as Zn, Zn2+, Zn(OH)2 etc for Zn 

metal. Pourbaix diagram exhibits whether the metal is in three different states i) 

immunity, when metal ions are < 10-6 mol dm-3 ii) actively corroding when metal 

ions are ≥ 10-6 mol dm-3 and ii) passive when the metal surface is covered by 

insoluble layer [23].  The Pourbaix diagrams for zinc, aluminium and magnesium are 

shown in Figure 1.7.  

 

Figure 1.7(a): Pourbaix diagram for zinc in water [24] 
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Figure 1.7(b): Pourbaix diagram for aluminium in water [24] 

 

Figure 1.7(c): Pourbaix diagram for magnesium in water [25] 

Pourbaix diagrams are based on thermodynamic equilibrium and omit the kinetic 

effects and provide no information on corrosion rate [23] however, it enables 

interpretation of otherwise complex systems more easily with respect to the potential 
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and pH environment. For example, for a ZMA system at high pH -13, both Zn and Al 

phases actively corrode whereas the Mg phase remains passive. Similarly, for Zn 

only system Zn is immune in certain conditions of pH and potential (Figure 1.7(a)) 

whereas in others it is passive or corrodes. Therefore, the Pourbaix diagram allows 

immediate assessment of your metal is safe or not. 

1.3 Corrosion protection and control 

Corrosion in metals and their alloys will occur sooner or later, therefore, it is 

inevitable. There are measures developed to delay the initiation of corrosion and 

reduce the rate at which corrosion occurs. Corrosion could be prevented if one of the 

four elements of an electrochemical cell; anode, cathode, electrolyte or the electrical 

contact between both anode and cathode is eliminated.  

1.3.1 Protective coatings 

Protective coatings are divided into a barrier and a sacrificial coating. 

1.3.1.1 Barrier coatings 

The barrier coating is the simplest approach to corrosion prevention via the physical 

separation of the metal from its environment. It prevents metal from direct contact 

with the electrolyte and air/moisture, therefore, inhibit the formation of the 

electrochemical cell. Organic coatings (enamels and paints), metallic coatings (tin, 

chromium and aluminium) and sol-gels (SiO2) are used as barrier coatings.  The 

presence of defects such as scratches initiates the corrosion of underlying metal 

typically via the delamination of the coating. 

1.3.1.2 Sacrificial coatings 

The sacrificial coating is also known as the anodic coating. The principle is based on 

dissimilar metals corrosion whereby metal is coated with more negative electrode 

potential metal. The more negative electrode potential metal acts as anode and 

corrodes preferentially protecting the underlying metal. The most common example 

is the use of zinc (Eo
zn = -0.763 V) to protect the steel substrate (Eo

Fe =-0.44V).  

1.3.2 Corrosion inhibitor 

The method of corrosion prevention by adding substances that can substantially 

impede corrosion is known as inhibition. In an organic coated steel system corrosion 

inhibitors are embedded into the primer and pre-treatment layers. Usually, inhibitors 



16 
 

are integrated into the system as pigments which are based on sparingly soluble salts 

such as strontium chromate or zinc phosphate. When the incorporation of inhibitor 

into the coating system is unviable, it could be dissolved into the electrolyte or 

suitable solvent and introduced into the system. Inhibitors affect the rate of either 

anodic oxidation or cathodic reduction or both, therefore, restricting the overall 

corrosion progress.  A schematic of a multi-layered organically coated steel system is 

shown in Figure 1.8.  

 

Figure 1.8: Schematic of organically coated steel. 

They are classified into anodic and cathodic inhibitors.  

1.3.2.1 Anodic inhibitors 

Anodic inhibitors are further divided into two types. The first type affects the 

oxidation reaction. These inhibitors react with the metal ions to precipitate low-

solubility compounds. These compounds are deposited at the anodic site forming a 

protective film impermeable to metal ions [26]. This impermeable film diminishes 

the anodic reaction lowering the corrosion current. The second type of anodic 

inhibitor is known as cathodic depolarisers or oxidising inhibitors.  These species 

utilise the free electrons which are otherwise involved in oxygen reduction at the 

cathode. This increases the cathodic rate and shifts the Ecorr value higher within the 

passive region for certain systems. 

Some of the examples of anodic inhibitors are phosphate (PO4
3-), molybdates 

(MoO4
2-), silicates (SiO4

4-), borate (BO3
2-). The effect of anodic inhibitors on the 

corrosion rate is pictured on an Evans diagram, as presented in Figure 1.9(a). The 

addition of anodic inhibitor shifts the anodic metal dissolution curve, which results in 

an increase in system potential from Ecorr to Ecorr anodic and reduction in corrosion 

current from Icorr to Icorr anodic. As anodic inhibitors increase the system’s potential, an 

inadequate inhibitor presence will lead to pitting corrosion (aggressive metal 

dissolution). 
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Figure 1.9(a): Evans diagram demonstration the effects of anodic inhibitor. 

1.3.2.2 Cathodic inhibitors 

Cathodic inhibitors perform in the same way as anodic inhibitors, but at the reduction 

reaction. Cathodic inhibitors react with the hydroxide ions and precipitate insoluble 

compounds at the cathodic sites [26]. These precipitated compounds limit the 

availability of oxygen for reduction reaction reaching the metal surface thus slowing 

the corrosion rate. Some examples of cathodic inhibitors are Ca2+, Sr3+, Ce3+, Mg2+ 

and Zn2+. The effect of cathodic inhibitors on the corrosion rate is pictured on an 

Evans diagram, as presented in Figure 1.9(b). 

The addition of cathodic inhibitor shifts the cathodic oxygen reduction curve, which 

results in a decrease in both system potential from Ecorr to Ecorr cathodic and corrosion 

current from Icorr to Icorr cathodic. However, they are often less effective than anodic 

inhibitors as they do not intercept the aggressive half of the reaction.  
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Figure 1.9(b): Evans diagram demonstration the effects of cathodic inhibitor. 

1.3.3 Chromate and phosphate inhibitors 

Hexavalent chromium provides incredible corrosion protection over a wide range of 

pH and electrolyte concentrations. Until now, it is considered the benchmark 

corrosion preventative compound and has been successfully implemented into 

corrosion protection coatings and primers [27]. When morphological failure occurs 

in coating or primer containing hexavalent chromium (CrO4
2-) ions, CrO4

2- seeps into 

the electrolyte and undergoes a reduction reaction to form chromium oxide (Cr2O3) 

film which is very insoluble and insulating [27]–[29]. Regardless of its effectiveness 

due to its environmental threats and carcinogenic (nasal and lung) nature, hexavalent 

chromium usage has been restricted in Europe as of January 2019. This has propelled 

an intensive research effort to find a suitable alternative that provides a comparable 

level of protection. 

Phosphates have appeared as viable replacements for chromate inhibitors however 

the mechanism by which it provides the inhibition is not well understood [30]. 

Phosphates act as an anodic inhibitor in the presence of oxygen by precipitating 

metal phosphate local to the anodic features [31], [32]. Under certain conditions such 

presence of divalent cations (Ca2+, Zn2+) they also act as a cathodic inhibitor by 
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restricting the access of dissolved oxygen to the metal surface by forming an 

insulating layer by precipitating metal phosphate local to the cathodic features [30], 

[33].  

Among the non-toxic and environmentally friendly corrosion inhibitors, phosphate is 

the most widely accepted and has been incorporated in paint formulations. Due to the 

widespread industrial usage of phosphate as a corrosion inhibitor especially in hot-

dip galvanised steel, sodium phosphate has been nominated as a corrosion inhibitor 

under study within this body of work.  

1.4 Galvanisation 

Zinc coatings are widely used for the protection of steel. Zn coating protects the steel 

in two different ways i) acts as a barrier between the steel and the environment ii) 

corroding preferentially to the steel thus preventing the steel from undergoing anodic 

corrosion reaction. Zn is applied to the steel via various methods: hot-dip 

galvanisation, metalizing (zinc spraying), electroplating, zinc-rich paints and 

mechanical plating [34]. Among them, hot-dip galvanisation (HDG) is the most 

prevalent method of application as it offers superior properties such as formability, 

low cost, lightweight and recyclability. This technique has been proven feasible since 

the 18th century and has been used extensively since then.  

The process of creating a Zn alloy coating on steel by immersing the steel into a 

molten Zn bath at a temperature around 450oC is known as HDG. HDG comprises a 

complex series of diffusion processes, thermodynamic transformations and 

metallurgical reactions [35].  HDG can be sub-divided into the continuous and batch 

process. The continuous process is used for steel strip where the first coil is 

processed, another is welded to the trailing end of the first and so on to provide the 

continual supply of the steel. The batch process is not continuous and is used for 

more complex shapes such as pipes and forgings. 

In summary, the HDG process involves surface preparation, hot-dipping and cooling. 

The steel surface has to be chemically cleaned for the proper adhesion between the 

Zn and steel. Therefore, acidic or alkali solution is used to remove the organic 

impurities such as grease and then rinsed in water.  The steel is then immersed in an 

acid solution (Sulphuric or hydrochloric acid) to remove surface oxide and scale. The 

steel surface is then activated to obtain the proper wetting by passing it through the 
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reduction atmosphere of nitrogen and hydrogen. The steel is then immersed into the 

molten Zn bath. The immersion times are generally less than 5 seconds. As the steel 

emerges out of the bath “air knives” are used to wipe excess zinc and also to control 

the thickness of the Zn layer followed by cooling. 

1.4.1 Hot-dip galvanisation coatings 

Initially, coatings were based on the Zn systems however research has led to the 

development of more corrosion-resistant coatings. Modern coatings are based on 

binary or ternary alloys systems. Quaternary systems are the subject of interest and 

importance of the current industry. The increased corrosion resistance offered by 

modern coatings has led to the reduction of coating thickness, weight and cost 

providing the industry with financial gain. Corrosion occurs either on the cut edge or 

on the surface. The microstructure of the coating is affected by various factors such 

as cooling rate, annealing time and nucleation temperature. The corrosion is 

influenced by the microstructure of coating, constituents such as CO2, SOx and Cl- 

and the time of wetness etc [36]. Different composition metallic coatings are 

commercially available and the most common examples are Zn, binary Zn-

aluminium and ternary zinc-magnesium-aluminium. 

1.4.1.1 Zinc coatings 

A conventional HDG coating predominately consists of Zn and 0.15-0.5 wt.% Al. 

HDG coating consists of a heterogeneous assembly of different phases which are 

formed due to the diffusion-reaction between the atoms of Zn and steel [34]. In the 

HDG Zn bath, the presence of Al diminishes iron loss into the bath and suppresses 

the formation of Fe-Zn intermetallic layers. This is achieved by the formation of 

intermetallic Fe2Al5 and FeAl3 between steel and Zn layer interface [34], [37]. A 

cross-section of hot-dip galvanised steel without Al addition is presented in Figure 

1.10(a).   

The coated Zn layer without Al consists of four different phases; gamma (γ) (75% 

Zn-25% Fe), delta (δ) (90% Zn- 10% Fe), zeta (ζ) (94% Zn-6% Fe) and eta (η) 

(100% Zn) [38], [39]. The content of iron (Fe) on the Zn layer decreases as we move 

away from the Fe-Zn interface. This Fe-Zn intermetallic formation is suppressed by 

Al addition by the formation of Fe2Al5 as presented in Figure 1.10(b). 
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Figure 1.10(a): Cross-section of hot-dip galvanised zinc coating without 0.15-0.5 

wt.% Al addition [4]. 

 

Figure 1.10(b): Cross-section of hot-dip galvanised zinc coating with 0.15-0.5 wt.% 

Al addition [40]. 

1.4.1.1.1 Corrosion mechanism of zinc coatings 

The investigation on corrosion of zinc coatings under different environmental 

(atmospheric and immersion) conditions have suggested that the corrosion behaviour 

and the morphology of the corrosion products formed are influenced by the exposure 

conditions such as dissolved species, concentration, pH and temperature [36], [41]–

[49].  The formation of corrosion products is a complex process, sensitive to 

environmental conditions and changes continuously with time.  Techniques such as 

Electrochemical Impedance Spectroscopy (EIS) [50], Scanning Vibrating Electrode 
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Technique (SVET) [45], [49], [51] and Scanning Kelvin Probe (SKP) [52]–[54]are 

used to obtain invaluable mechanistic information on corrosion of both organically 

coated and uncoated HDG Zn. 

During atmospheric corrosion, when Zn reacts with oxygen, a thin layer of Zincite 

(ZnO) is formed however it has a minimal protective effect because they are 

promptly transformed into hydroxide in the presence of water [42]. Whereas, in a 

humid atmosphere thin layer of hydroxycarbonate (Zn5(OH)6CO3) (hydrozincite) is 

formed [55] instead of ZnO.  Under immersion conditions, the exact mechanism of 

zinc passivation is unclear however Zn(OH)2 and/or ZnO have been proposed to be 

the passivating species in an alkaline environment [47], [56]. It has also been 

reported that the presence of sodium and chlorine leads to the formation of 

Simonkolleite (Zn5(OH)8Cl2.H2O) (zinc hydroxychloride) which eventually evolves 

into sodium zinc hydroxychlorosulfate (Gordaite, Na4Zn4SO4(OH)6Cl2-.6H2O) [55].  

The anodic dissolution and passivation of Zn have been investigated utilising various 

electrochemical techniques in conjunction with surface analysis techniques in a 

variety of corrosive environments however, they have been focused on near-neutral 

or alkaline media, as Zn is observed to be passive in pH range 10-13 [45], [46] [56]. 

The literature suggests that Zn corrodes via pitting in both aggressive (presence of 

chloride anions) as well as dilute environments (distilled water) [44], [45]. It has also 

been suggested that pitting in Zn initiates due to local acidification of the metal 

surface and pitting potential is close to the equilibrium potential for equation 1.16 

[57]. 

Zn =  Zn2+ + 2e-                                                                                                    [1.16] 

1.4.1.2 Zinc-Aluminium coatings 

Galfan/Galvalloy is a binary system with 95 wt.% Zn and 5 wt.% Al. Further 

increase in the aluminium (Al) from ≤ 0.5 wt.% in Zn only coating to 5 wt.% has 

enhanced corrosion resistance and ductility [16]. In addition to the suppression of 

formation of Fe-Zn intermetallic at Fe-Zn interface, the presence of higher Al leads 

to the formation of Al2O3 oxide film protecting the metallic coating itself [58]–[60]. 

Galfan (ZA) consists of primary Zn rich dendrites surrounded by Zn/Al lamellar 

eutectic matrix [55]. A cross-section and surface image of the galfan is presented in 

Figure 1.11. 
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Figure 1.11: SEM images showing A) cross-section B) surface of HDG Galfan 

coated steel. 

One alloy coating with considerably higher Al content is Galvalume (AZ) with 55 

wt.% Al, 43.4 wt.% Zn and 1.6wt.% Si. However, 55 wt.% Al is considered to be the 

upper limit to retain the sacrificial property of Zn to protect the underlying steel. 

1.4.1.2.1 Corrosion mechanism of Zn-Al coatings 

Galfan (95 wt.% Zn and 5 wt.% Al) offers 2-3 times greater protection compared to 

Zn only coating in marine and industrial environments [61]. This improvement in 

corrosion resistance of Galfan is due to the change in microstructure. The presence of 

aluminium rich eutectic phase which covers about 40-50% of the total volume 

improves the corrosion resistance through the formation of aluminium oxide that is 

very adherent and insulating [62]. The presence of a two-phase microstructure 

(Primary zinc and Zn/Al eutectic) also encourages the preferential corrosion of the 

least noble phase [63]. In marine conditions, Al3+  ions help in the precipitation of 

double-layered hydroxide (DLH) (Zn6Al2(OH)16CO3⋅4H2O) earlier than when Zn2+ 

ions are present and this DLH  is a strong barrier for oxygen diffusion [55], [64]. 

Thus offering better corrosion resistance compared to  HDG Zn coating.  

Research using SVET has shown that processing parameters such as cooling rate 

[63], coating thickness [65], substrate thickness [49] and application of ultrasound 

during the solidification process [59] have significant effects on the microstructure of 

Galfan and its subsequent corrosion performance. The increase in cooling rate has 
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improved the cut-edge corrosion performance whilst reducing the surface corrosion 

performance.  Similarly increase in the coating thickness also improved the cut-edge 

corrosion performance whereas in contrast increasing the substrate thickness led to a 

decline in corrosion performance. The change in corrosion performance due to 

cooling rate and coating thickness altercation was attributed to the change in size and 

volume fraction of primary zinc and Zn/Al eutectic phase. Whereas, the cut-edge 

investigation on substrate thickness revealed the decline in corrosion performance 

with an increase in thickness, as the corrosion rate is predominantly determined by 

the cathodic reaction. Attempts have also been made to further improve the corrosion 

resistance of Zn/Al alloy via the addition of a small amount of Mg up to 0.05 wt.% 

but resulted in a negative effect on the cut-edge corrosion resistance [16]. 

1.4.1.3 Zinc magnesium aluminium (ZMA) coatings 

Zinc magnesium aluminium (ZMA) is a ternary HDG system that utilizes the 

electrochemical properties of magnesium and aluminium in combination with zinc to 

cathodically protect the steel substrate. Because of their improved corrosion 

resistance compared to Zn and Zn-Al systems, ZMA is of great interest to industries 

from automotive to construction. The addition of magnesium (Mg) into the Zn bath 

enhances the wettability of the steel substrate and reduces the surface tension of the 

bath [62]. ZMA provides a 4-20 fold improvement in corrosion resistance compared 

to HDG Zn in neutral salt spray test in terms of red rust time appearance [12]. The 

change in their ability to resist corrosion has been attributed to the vast change in the 

microstructure which occurs with the additions of up to 3 wt. % of Al and 3 wt. % of 

Mg [16]. A cross-section and surface image of ZMA (MagiZinc)(Zn-(1-2) wt.% Al-

(1-2) wt.%Mg) is presented in Figure 1.12. HDG ZMA microstructure consists of Zn 

phase, coarser lamellar structural binary eutectic (Zn and MgZn2) and fine ternary 

eutectic (Zn, MgZn2 and Al nodules) [32]. ZMA coatings have been available for the 

last two decades and some of the compositions are ZAM (91 wt.% Zn-6 wt.% Al-3 

wt.% Mg), Super Dyma (85.8 wt.% Zn-11 wt.% Al-3 wt.% Mg-0.2 wt.% Si) [66] 

and Magizinc (96.8 wt.% Zn-(1-2) wt.% Al (1-2) wt.% Mg). The composition of 

ZMA changes depending upon where it is used. European ZMA systems contents 

(0.4-3) wt.% Al and (1-2) wt.% Mg compared to (0.2-11) wt.% Al and Mg (0.1-3) 

wt.%  in East Asia countries e.g Japan [67].  
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Equilibrium phase diagrams offer a prediction of solidification sequence and 

resultant microstructure under equilibrium conditions. However, the rapid 

solidification during the galvanisation process results in a deviation in the chemical 

composition of phases formed compared to the equilibrium values. Furthermore, the 

fast cooling rate leads to a fine and complex microstructure. The phase diagram of 

the ZMA alloys system presented in Figure 1.12 suggests that the final 

microstructure of ZMA (Zn –(1-2) wt.% Mg – (1-2) wt.% Al) would be composed of 

Zn-rich phase, an Zn/Al phase and Mg2Zn11 phase upon equilibrium solidification 

conditions. However, due to the high cooling rate associated with the HDG process 

the formation of Mg2Zn11 is inhibited leading to the formation of MgZn2 instead. 

HDG ZMA microstructure consists of Zn phase, coarser lamellar structural binary 

eutectic (Zn and MgZn2) and fine ternary eutectic (Zn, MgZn2 and Al nodules) [32]. 

A cross-section and surface image of HDG ZMA (MagiZinc)(Zn-(1-2) wt.% Al-(1-2) 

wt.%Mg) is presented in Figure 1.13.  

 

Figure 1.12: Ternary phase diagram for Zn-Al-Mg system [68] 
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Figure 1.13: SEM images showing A) cross-section B) surface of HDG ZMA coated 

steel. 

1.4.1.3.1 Solidification of ZMA alloy coatings 

The investigation [69] on the solidification process of HDG ZMA (Zn – (1-2) wt.% 

Mg – (1-2) wt.% Al) coating revealed that the zinc phase is the first phase to solidify 

which nucleates off the steel surface. The solidification process of ZMA (Zn – (1-2) 

wt.% Mg – (1-2) wt.% Al) coating is presented in Figure 1.14. 

 

Figure 1.14: Solidification sequence of the ZMA (Zn –(1-2) wt.% Mg – (1-2) wt.% 

Al) coating [69]. 
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The solidification of ZMA (Zn – (1-2) wt.% Mg – (1-2) wt.% Al) coating is divided 

into three steps [69]:  

i. The Zn dendrites nucleate and grow off the steel surface (Figure 1.14 (A-D)). 

It contains around 1 wt.% of Al and < 0.1 wt.% Mg in solid solution. 

ii. Formation of binary eutectic which comprises Zn and MgZn2 (Figure 1.14 E) 

iii. Formation of ternary eutectic which comprises Zn, MgZn2 and Al nodules 

(Figure 1.14 F) 

 1.4.1.3.1 Corrosion mechanism of ZMA coatings 

The corrosion performance of ZMA in chloride-rich environments [12] and in 

conditions of varying carbon dioxide (CO2) [70] has been studied by several authors. 

Several mechanisms have been proposed to explain the enhanced corrosion 

performance of ZMA alloy coatings; 

• Buffering of pH at cathodic sites resulting from Mg dissolution (9,49)  

• The stabilisation of a compact zinc hydroxy-chloride / simonkolleite 

(Zn5(OH)8Cl2·H2O) on the surface layer due to the presence of Mg2+ ions [71] 

• The production of magnesium-rich oxide limits the overall corrosion rate 

through cathodic deactivation [72] 

• Formation of layered double hydroxide (LDH) of type 

Zn2Al(OH)6(CO3)1/2.xH2O or/and Mg6Al2(OH)16CO resulting from Al 

dissolution (9,50,52) 

It should also be considered that several of these above mention mechanisms could 

act together and also the environmental conditions have an influence upon the 

corrosion reaction and rate. Most of the investigations are conducted in extreme 

aggressive and accelerated corrosion conditions such as in concentrated NaCl 

electrolyte, salt spray test or automotive cyclic corrosion test. The results gathered 

via these experiments are vital and lead to several theories on the role of magnesium 

and aluminium during its corrosion process. However, the limitation is that it might 

not be the actual representation of the corrosion process. The corrosion product 

formed in a very harsh environment could be the corrosion product formed at the end 

of the coating life [12]. 
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In ZMA due to the presence of Al and Mg, new oxide layers and complex corrosion 

products are produced which are not found on HDG [67], [71], [73], [74]. The 

corrosion initiates as the eutectic phase (contains Mg) in ZMA [32], Mg ions diffuse 

and migrate to the cathodic sites and form magnesium hydroxide and magnesium 

carbonate [75]. These Mg ions also buffer the pH at the cathodic site restricting ZnO 

formation [75]. It is also suggested that Mg ions enhance the insulation property of 

Zn compounds formed [76] and Mg limits the charge transfer via grain boundaries 

[77]. The Al present at the eutectic phase (ternary) remain insoluble at the early stage 

of corrosion and when it participates at the later stage, it leads to the formation of 

simonkolleite instead of Zn oxide [64]. The effect of magnesium and aluminium ion 

(Mg2+ & Al3+) on the formation of zinc products in the different electrolytes is shown 

below in Figure 1.13. 

 

Figure 1.13: Schematic illustration of the formation and conversion of corrosion 

products in the existence of different species in the electrolyte [64]. 

Studies using the Time-lapse microscopy technique have shown that in Zn-(1-2) 

wt.% Al-(1-2) wt.% Mg, corrosion is highly localised and initiates at the eutectic 

phase by de-alloying of intermetallic MgZn2, after eutectic dissolution anodic attack 

proceeds on the primary zinc phase [32], [78]. This mechanism of anodic attack is 

presented in Figure 1.16. Both investigations demonstrate that corrosion products 

ring precipitate radially around the anodic site and the ring becomes more defined 

with time. The pH gradient across the corrosion cell was also highlighted by using a 

phenolphthalein indicator in 0.1 % NaCl electrolyte [78]. 
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Figure 1.16: SEM image of ZMA (Zn-(1-2) wt.% Al-(1-2) wt.% Mg) coating after 4 

hours immersion in 0.17 M NaCl solution showing A) the preferential eutectic attack 

B) de-alloying of MgZn2 from the eutectic phase [32].  

Several investigations are conducted using SVET to understand the kinetics, 

mechanism of corrosion and evaluate the corrosion performance of ZMA coating 

systems with various compositions and cooling rates [13], [32], [79]. SVET 

investigation on ZMA with varying amounts (up to 3 wt.%) of Mg and Al revealed 

an increase in corrosion resistance with an increase in Mg and Al content. In 

addition, SVET investigations also revealed that the lateral spreading of the focal 

anode was much greater in finer microstructure compared to coarse microstructure. 

The large primary Zn phase present in the coarse microstructure deflected and 

constrained the lateral spreading of the anode. 

1.4.1.3 Zinc magnesium aluminium-X (Quaternary additions) 

The ideal of a quaternary metallic coating system has also been a subject of interest 

and research. The effect of the addition of a variety of elements such as Silicon (Si), 

Manganese (Mn), Titanium (Ti), Calcium (Ca), Chromium (Cr), Cerium (Ce) [17] 

and Zirconium (Zr) [80] has shown further improvement in corrosion resistance in 

cyclic accelerate corrosion test.  These quaternary additions (Zn-Al-Mg-X) 

outperformed Zn-X, Zn-Al-X and Zn-Mg-X alloys.  

Investigations have shown that conversion coatings applied to Zn surfaces containing 

Zr and Ti inhibit corrosion due to the formation of dielectric oxide films with high 

insulating properties [81], [82]. Ce has a low work function similar to Mg, hence, the 

low reversible potential for the formation of corrosion products [83]. Therefore, 

cerium oxide and hydroxide can reduce the surface film potential, electron-emitting 

properties and efficiency of cathodic oxygen reduction [17]. Cr is incorporated in Zn 
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inhibitors and conversion coatings due to its self-passivation properties. Ca also 

possesses a low electron work function and CaO have one of the highest band gaps 

of 6.9 eV [84]. The addition of germanium (Ge) into ZMA alloy [18] has also been 

studied in relation to its effect on microstructure and corrosion performance. 

Investigations on quaternary additions of all the above elements have shown 

improvement in the corrosion resistance of the ZMA but the mechanism by which it 

inhibits has not been well understood [18] and requires further investigations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 
 

1.5 Thesis aims 

This body of work has been conducted with the aims to i) enhance the corrosion and 

mechanical properties of ZMA coating alloy ii) develop a duplex coating system with 

synergy between metallic and organic coating layers. The main objectives are, 

therefore : 

• Investigate the effect of the addition of 0.19 -1.8 wt.% of Ge to the 

microstructure of ZMA alloy and its subsequent effect on corrosion and 

mechanical properties of ZMA alloys. Preliminary studies showed the 

formation of a new phase within microstructure, improvement in corrosion 

resistance and reduction in hardness of the ZMA alloy. 

 

• Investigate the use of Mg2Si particulates as a corrosion inhibitor. Mg2Si 

particles are embedded into a zinc-rich powder-based galvanising system 

(ZINGA Zinc / Zn) as a source of Mg which corrode preferentially to Zn. 

Studies have shown that alloying Zn with Mg has significantly enhanced the 

corrosion resistance of Zn. 

 

• Investigate the effect of 1 wt.% of Calcium addition on the microstructure &  

corrosion property of zinc and the effect of sodium phosphate inhibitor on the 

corrosion behaviour of Zn and Zn-Ca alloy. Calcium being more 

electronegative than Zn, phase containing Ca should preferentially corrode 

releasing Ca2+ ions, which react with phosphate to provide more complete 

inhibition of corrosion. 

Time-lapse Microscopy (TLM) and Scanning Vibrating Electrode Technique 

(SVET) are two major techniques utilized to conduct the investigations. TLM 

enables to take images under immersion conditions and provide mechanistic 

information on a micron scale. SVET enables us to study the kinetics of anodic and 

cathodic propagation with time on a millimetre scale. 
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Chapter 2 Experimental 

2.1. Sample preparation 

Samples were pressure mounted in a non-conductive phenolic resin and finished with 

1µm diamond polish to produce a flat surface free from scratches. Samples that 

undergo any form of imaging were then etched with 3 % nital acid, rinsed with 

deionised water and then dried to reveal the grain structure. 1 wt.% NaCl (0.17 

mol.dm-3 NaCl) pH 7 solution was used for all the corrosion experiments. 

2.1.1 Chemicals and materials 

Table 2.1: List of items used throughout the body of work for experimental purposes. 

Chemicals, Materials Supplier Purity, Grade 

De-ionised water, H20 In-situ 18MΩ-cm 

Hydrochloric acid, HCL Sigma-Aldrich ≥ 99% 

Sodium chloride, NaCl Sigma-Aldrich ≥ 99% 

Sodium phosphate, 

Na3PO4 

Sigma-Aldrich ≥ 99% 

Sodium hydroxide, 

NaOH 

Sigma-Aldrich ≥ 99% 

PTFE Tape 3M - 

Germanium, Ge Goodfellow ≥ 99% 

Magnesium silicide Sigma-Aldrich ≥ 99% 

Calcium Sigma-Aldrich ≥ 99% 

Zinc-magnesium-

aluminium, ZMA 

TATA Steel Zn-1.6 wt.% Mg-

1.6 wt.% Al 

Zinga cold galvanising 

system 

Frost Auto Restoration 

Technique Ltd 

96 % zinc 

Zinc  TATA Steel, UK  Zn-(0.15-0.5) wt.% 

Al 

Low carbon steel 

substrate 

TATA Steel, UK - 

Polyvinyl butyral  Sigma-Aldrich ≥ 99% 

Collidal silica Sigma-Aldrich ≥ 99% 
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2.2 Microstructural analysis 

A Hitachi TM3000 Scanning Electron Microscope (SEM) with a Bruker Energy 

Dispersive X-ray Spectroscopy (EDS) module was used to investigate the 

microstructure of the alloys. The SEM beam accelerating voltage used was 15 kV.  A 

Bruker D8 Discover X-ray Diffractometer (XRD) with a Copper source (40 kV and 

40 mA) was used to identify the crystal phases. As the samples were mounted in 

non-conductive resin, a strip of conductive tape was used to provide the electron 

flow between the sample and the SEM stage. The volume fraction of different 

microstructural phases was determined by image analysis of several SEM images 

taken across the sample at 200 X magnification using Adobe Photoshop software.  

2.3 Time-lapse microscopy technique 

Time-lapse microscopy (TLM) is a novel technique developed at Swansea 

University, which allows microstructural imaging of corroding surfaces under 

immersion conditions [32], [78]. TLM consists of Meiji Techno 7100 optical 

microscope with a polyethene waterproof shroud for the microscope objective lens 

and an Infinity 2-5C microscope mounted digital camera with Infinity Imaging 

Software. The base of the polyethene waterproof shroud encases a glass window that 

allows imaging of the sample area whilst submerged in the electrolyte. The TLM 

schematic setup is presented below in Figure 2.1. 

 

Figure 2.1 Schematic of in-situ time-lapse microscopy configuration. 
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The glass window used at the bottom of the protective shroud is 0.16 mm thick, 

sealed with inert resin. The system is such that to take an image the light has to travel 

through the air and the electrolyte. The objective lens of the microscope is designed 

to image through the air which has the refractive index (n) of 1. However, the 

refractive index of the electrolyte is different from the air. The refractive index of 

water (n1) at room temperature is 1.33 [85]. Due to the difference in refractive index 

between the air and the electrolyte, the image becomes more distorted the more the 

light travels through the electrolyte. Hence the shroud is manoeuvred into place so 

that it is as closest to the sample's surface as possible whilst also leaving a thin layer 

of electrolyte over the sample. 

A pipette was used to remove any air trapped during the introduction of electrolyte 

between the bottom of the shroud and the exposed sample surface. The imaging 

software was programmed to capture an image every 2 minutes at 100 X 

magnification for 24 hours.  A time-lapse video was created using Windows Movie 

Maker where each image has a frame time of 0.05 seconds. 

2.3.1 Sample preparation for time-lapse microscopy 

The sample was prepared as explained in section 2.1. A sample surface was covered 

using 3M non-conductive PTFE tape with of 0.78 mm2 area masked off using a 1 

mm diameter biopsy pen. The prepared sample was secured to the base of the petri 

dish using double-sided tape and 3M non-conductive PTFE tape. 

2.3.2 Anodic area growth rate 

The anodic area was highlighted for an image in the data set using imaging software 

Adobe Photoshop CS6, see Figure 2.2. The software was first calibrated using a 

known length from an image taken using the same TLM setup as used for 

experiments. This permits the anodic area to be presented in µm2, which was 

exported to Microsoft Excel to be represented graphically. 
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Figure 2.2: Anodic area growth measurement on ZMA-Ge using Adobe Photoshop 

showing the highlighted area (red) increasing in size over time. 

2.4 Scanning Vibrating Electrode Technique (SVET) 

The scanning vibrating electrode technique (SVET) was developed in the 1980s  and 

has been employed in corrosion research since then [86]. It is considered an iteration 

of the scanning reference electrode technique (SRET). It allows to monitor corrosion 

behaviour and generate mechanistic understandings in an aqueous environment. 

SVET has been used comprehensively to understand the surface and cut-edge 

corrosion of metallic coatings [13], [16], [32], [51], [63], [65].  In this body of work, 

SVET has been used as a three-dimensional technique to compliment the two-

dimensional TLM technique. SVET is a semi-quantitative technique as it provides 

anodic current density, which in turn could be used to calculate mass loss value. A 

strong relationship has been observed between SVET derived corrosion inhibition 

efficiency values and those of gravimetric mass loss, polarization data and calculated 

using EIS [87]. The SVET derived mass loss were also comparable with those 

obtained from external Zn runoff tests [51]. 
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Figure 2.3: Schematic representation of SVET step-up. 

A schematic of SVET is presented in Figure 2.3 and the instrumental design, 

operating procedure and calibration process have been described in detail elsewhere 

[86], [88]–[90]. SVET probe consists of a 125 µm diameter platinum wire micro-tip 

encased in an insulating glass tube, which vibrates at a constant frequency, amplitude 

and height above the sample surface whilst submerged in an electrolyte. The 

vibration of 140 Hz with an amplitude of 25 µm (z-direction) to the probe is 

provided by the lock-in amplifier (EG&G Instruments 7265) via an external 

amplifier. The probe scans in a set-wise manner at 100 µm above the sample surface 

in x and y-direction. The movement of the probe is provided by the tri-axial micro-

manipulator stage, in conjunction with PC. 

During corrosion, ionic current flux originates and an iso-potential field is 

established around the anode through the electrolyte as presented in Figure 2.4. The 

SVET probe registers the alternating potential by crossing the lines of current flux. 

The registered alternating potential is directly proportional to the potential gradient at 

z-direction established by the ionic current flux and can be represented graphically in 

the form of colour contour maps. The potential data is used to calculate the current 

densities via the use of a calibration factor. 
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Figure 2.4: A schematic representation of current flux and iso-potential lines above 

anode. 

The electric field strength (F) or potential gradient due to point source measured by 

the SVET probe in the direction of probe vibration (z-direction/normal to sample 

surface) is given by equation 2.1. 

F = 
 𝑑𝐸

𝑑𝑍
 = 

−𝑖𝑧

2𝜋𝑘(𝑥2+𝑦2+𝑧2)1.5
                                                                      [2.1] 

k = electrolyte conductivity 

x,y,z = coordinate plane value 

i = current source 

The maximum field strength (Fmax) exists at height z exactly above the origin (x = 0, 

y = 0) of the source and is given by equation 2.2. 

Fmax = 
−1

2𝜋𝑘𝑧2
                                                                                          [2.2] 

The inverse-square relationship between SVET probe height and Fmax make SVET 

scanning height critical. 
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2.4.1 SVET calibration 

The potential gradients are measured in nano-volts (nV) by SVET. These nV values 

are converted into current density values in Am-2 via the means of calibration. 

Calibration could be achieved by the use of a point current source. 

 

Figure 2.5: Current emerging from a point current source  

At a point of a current source, current fluxes emerge from its centre and are 

distributed evenly with a hemispherical profile as shown in figure 2.5. Hence, the 

current density (jz) in the direction of SVET probe vibration (z-direction) is given by 

dividing the applied current by surface area of the hemisphere (2𝜋z2), as set out in 

equation 2.3. 

jz = 
𝑖

2𝜋𝑧2
                                                                                               [2.3] 

i = applied current 

z = height of hemisphere and also the height of SVET probe from the current source 

The plot of peak-to-peak SVET voltage signal (Vpp) vs jz provides a means of 

converting SVET registered voltage signal to current density in the direction of probe 

vibration. 

Calibration of the SVET was accomplished using a two-compartment cell, a 

schematic is presented in Figure 2.6. 
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 Figure 2.6: Schematic of SVET calibration setup using two-compartment cell 

Each compartment contains a 1 cm2 platinum (Pt) electrode, both filled with 

electrolyte under investigation and connected by a vertically oriented glass tube of 

4.8 mm internal diameter. The SVET probe was lowered into the vertical opening 

and a range of currents were applied with the help of a battery-powered nano-

galvanostat. The current densities were calculated for each applied current, for the 

area of the glass tube ( radius = 2.4 x 10-3 m). The tube allows current flux to ally 

vertically, parallel to the tube axis creating uniform current density in the direction of  

SVET probe vibration. The gradient of a plot of current densities vs measured SVET 

voltage provides a calibration factor for the instrument and electrolyte under 

investigation. This method of calibration is prompt, independent of probe height and 

an efficient means of converting SVET measured potential (voltage) into current 

density. 

2.4.2 Manipulation of SVET data 

The SVET measured data (potential (nV)) are subjected to calibration as outlined in 

2.4.1. The recorded data are converted in normal current density (jz) by applying the 

conversion factor. A surface modelling package, Golden Software’s Surfer 10 was 

used to produce spatially resolved maps of normal current density as presented in 

Figure 2.7. The anodic and cathodic activities are identified by the change in colour. 

Red represents the anodic activity and blue represents the cathodic activities.  
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Figure 2.7: Current density resolved colour map created from SVET scan using 

Golden Software’s Surfer 10.  

The current density could also be used to calculate the total mass loss due to anodic 

activity. Numerically integrating all the positive anodic current density (jz) gives the 

total anodic current for the scan, as presented in equation 2.4. 

Iat = ∫ ∫ [𝑗𝑧(𝑥,𝑦)
𝑦

0

𝑥

0
] dx dy                                                                                         [2.4] 

Iat = anodic current 

jz = normal current density 

x,y = length and width of SVET scan 

Dividing the total anodic current Iat by scan area  (A) gives an area average anodic 

current density (jat) as shown in equation 2.5. 

jat = 
𝐼𝑎𝑡

𝐴
                                                                                                    [2.5] 

Assuming that the corrosion activity remains constant between the scans i.e for 3600 

seconds, time (t), hourly charge (Q) can be calculated using equation 2.6 

Q = jat x t                                                                                                                 [2.6] 
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Then using the Faraday equation given in equation 2.7 along with other information 

concerning the material corroding, the mass loss could be calculated. 

Mass loss = 
𝑄

𝑛𝐹
 Ar                                                                                                                                                     [2.7] 

Q = charge (C) 

F = Faraday’s constant (96487 C mol-1) 

n = no. of electrons involved 

Ar = atomic weight of corroding material 

A total mass loss for the experiment could be calculated using equation 2.7 and 

summing all the hourly mass losses. 

2.4.3 Limitations of SVET 

SVET only detects the normal component of the current flux. It is only able to 

resolve localised corrosion features that are separated by a distance greater than 1.5 

times scan height of 100 𝜇m i.e 150 𝜇m [32]. It will also not detect the current loops 

that terminate under the plane of the scan of 100 𝜇m. In this body of work SVET also 

conducted scan every hour and assumed a constant corrosion rate over that hour 

whereas, in reality, the corrosion rate could vary. Regardless of these limitations, the 

SVET has proven a useful technique in comparing the performance of similar metals 

and alloys. 

2.4.2 Sample preparation 

The samples were prepared as explained in section 2.1. The samples were not etched 

and an area of 36 mm2 was exposed to the electrolyte. Tests were conducted at room 

temperature and the dissolved oxygen concentration in bulk solution was assumed to 

be constant at 2.8 x10-4 mol dm-3 [91]. 60 measurements along the x and y-direction 

were made, generating 3600 data points for each scan for experiments in Chapter 3. 

29 measurements along the x and y-direction were made, generating 841 data points 

for each scan for experiments in Chapter 5 and 6. One scan was taken every hour for 

24 hours and three repeat tests were carried out for each sample. 
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2.5 Electrochemical measurements 

2.5.1 Open circuit potential 

Open circuit potential (OCP) is also referred to as mixed corrosion potential as it 

represents it consists of both cathodes and anodes. At the OCP the corroding metal is 

neutral as the net measurable current is zero. This is because all the electrons 

generated by anodic processes are consumed by cathodic processes. The more 

positive the OCP value, the nobler is the metal. 

To measure OCP, a two-electrode cell was set up where the metal of investigation 

was the working electrode and the potential was measured against saturated calomel 

electrode (SCE). A schematic of the two-electrode cell set-up is presented in Figure 

2.8. Samples were ground to a European P grade P1200 finish using abrasive silicon 

carbide (SiC) paper, rinsed with deionised water and ethanol. An area of 0.78 cm2 

was exposed to 250 ml of electrolyte. The measurements were carried out using a 

Solatron 1280 potentiostat for 24 hours. 

 

Figure 2.8: A schematic of the two-electrode set-up used to measure OCP. 

2.5.2 Potentiodynamic Measurements 

Polarisation involves applying an external potential on the working electrode and 

measuring the resulting current. The applied potential is increased or decreased at a 

constant rate from OCP and the resultant current is constantly monitored. For the 
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anodic polarization, the applied potential is increased whereas for cathodic 

polarization the applied potential is decreased.  

Polarization utilizes a three-electrode cell, a working electrode (sample under 

investigation), a reference electrode (SCE) and a counter electrode (platinum gauze 

sheet). An external potential of ± 1.5 V was applied to the working electrode at a pre-

determined rate of 1 mVs-1 from OCP and the corresponding current was measured. 

The schematic setup of polarization is shown in Figure 2.9.  

 

Figure 2.9: Three-electrode cell set-up for polarization experiment 

Samples were ground to a European P grade P1200 finish using abrasive silicon 

carbide (SiC) paper, rinsed with deionised water and ethanol. An area of 0.78 cm2 

was exposed to 250 ml of electrolyte. The measurements were carried out using a 

Solatron 1280 potentiostat. 

2.6 Scanning Kelvin Probe  

The scanning Kelvin Probe (SKP) technique is well-established means of measuring 

metallic work function. Stratmann established the application of SKP to the 

investigation of atmospheric corrosion affecting the metallic surface. The 

electrochemical potential of metallic surfaces under a thin layer of electrolyte and 

also a thin film of an organic coating could be measured using SKP. A schematic of 

the SKP is presented in Figure 2.10 (a). The sample and probe are enclosed in a 
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chamber that permits the alterations of experimental parameters such as temperature, 

humidity and atmosphere.  

 

Figure 2.10 (a): Schematic representation of SKP 

SKP apparatus consists of a vibrating gold reference probe/electrode connected to a 

sample of interest via an external circuit. The gold probe and the sample form the 

parallel plate capacitor and when electrically connected, electrons flow from the 

capacitor with lower work function to the capacitor with higher work function. The 

capacitance (C) of the parallel plate capacitor is given by equation 2.8. 

C = 
𝜀𝜀0𝐴

𝑑
                                                                                                [2.8] 

𝜀0 = permittivity of dielectric (free space) 

𝜀 = dielectric constant of the capacitor dielectric 

A = area of the capacitor plate 

d = distance between plates 

The reference electrode probe is vibrated at a frequency (ω) in a sinusoidal fashion 

relative to the sample surface. Thus, the distance (d) between the reference probe and 

the sample surface varies with time (t) during probe vibration at a frequency (ω), 

which is given by equation 2.9. 
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d =do +Δdsin (ωt)                                                                                                   [2.9] 

d0 = mean plate separation. 

The capacitance (C) during the probe vibration is given by equation 2.10. 

C = 
𝜀𝜀0𝐴

𝑑0 +𝛥𝑑𝑠𝑖𝑛 (𝜔𝑡)
                                                                                 [2.10] 

If volta potential difference (Δ𝛹𝑆𝑎𝑚𝑝𝑙𝑒
𝑅𝑒𝑓

) exists between the reference probe and 

sample surface, an alternating current (Iac) will be induced between them and is given 

by equation 2.11. 

Iac = Δ𝛹𝑆𝑎𝑚𝑝𝑙𝑒
𝑅𝑒𝑓 𝑑𝐶

𝑑𝑡
                                                                                 [2.11] 

The Kelvin probe signal current (Iac)  in equation 2.11 is not used to measure the 

open circuit value of Δ𝛹𝑆𝑎𝑚𝑝𝑙𝑒
𝑅𝑒𝑓

 but instead Δ𝛹𝑆𝑎𝑚𝑝𝑙𝑒
𝑅𝑒𝑓

 is achieved indirectly by 

applying external DC bias voltage (U). The applied U is adjusted such that the null 

current condition is achieved i.e Iac = 0.  Under null current condition the potential 

across the dielectric must be equal to zero so that: 

-Unull = Δ𝛹𝑆𝑎𝑚𝑝𝑙𝑒
𝑅𝑒𝑓

                                                                                [2.12] 

Hence, applied voltage -Unull is measured and recorded as  ΔΨSample
Ref . 

Therefore, the kelvin probe potential (Ekp) is expressed as; 

Ekp = -Unull = Δ𝛹𝑆𝑎𝑚𝑝𝑙𝑒
𝑅𝑒𝑓

                                                                        [2.13] 

2.6.1 SKP Calibration 

 The calibration of the SKP apparatus is conducted using a calibration cell. The 

calibration cell consists of a circular hole with 1 mm depth and 15 mm diameter in a 

disc made of relevant metal. This well is filled with 1 mol.dm-3 aqueous solution of 

the respective metal chloride salt as shown in Figure 2.10 (a). ΔΨ  is obtained by 

positioning the vibrating reference probe 100 µm above the electrolyte meniscus at 

the centre of the well. The electrode potential of the metal is also measured 

simultaneously using voltameter or potentiostat against SCE. For a system with 

polymer coating, a thin self-supporting polymer film (about 30 µm in thickness) is 
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placed over the electrolyte meniscus present in the well. The polymer film is then 

permitted to equilibrate for about 6 hours and ΔΨ value is measured. The plot for 

Ecorr vs standard hydrogen electrode (SHE) against ΔΨEl
Ref and ΔΨPol

Ref for Zn/Zn2+, 

Fe/Fe2+, Cu/Cu2+ and Ag/Ag+ couple with (i) and without PVB film (ii) is presented 

in Figure 2.10 (c). 

 

Figure 2.10 (b): Scanning kelvin probe calibration cell 

 

Figure 2.10 (c): Scanning kelvin probe calibration curves for coated (PVB) and bare 

system [92] 
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2.6.2 SKP in cathodic disbondment experiment 

The corrosion driven cathodic delamination of organic coating applied to zinc or 

steel substrates has been proven to proceed by the establishment of a “delamination 

cell” [92]. In this process, a thin layer of electrolyte ingresses between the coating 

layer and the substrate where the anodic activities occur at the penetrative defect and 

the cathodic activities occur near the site of coating-substrate disbondment [92]. 

Stratmann developed the SKP technique to measure the rate of cathodic delamination 

of polymer coating adherent to metal substrates [53], [93], [94]. A schematic 

representation of corrosion-driven cathodic delamination cell showing 

correspondence with various regions of time-dependent Ecorr (x) profile is presented 

in Figure 2.11. 

 

Figure 2.11: Schematic representation of corrosion-driven cathodic delamination 

cell showing correspondence with various regions of the time-dependent Ecorr (x) 

profile. 

In Figure 2.11 four regions of the delaminating cell are presented relative to the Ecorr 

of zinc substrate, where: 

Region I :  

The region is next to the defect and Ecorr value is very low similar to the free 

corroding Zn. Anodic metal dissolution of the underlying Zn also occurs. 

Region II: 
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The Ecorr gradually increases from the region I. It is under film delamination region 

and ionic current flux Na+ from the defect site (region I) and OH- from region III 

meet. 

Region III: 

There is a sharp rise in Ecorr . This region is the delamination front where polymer 

disbondment occurs and electrolyte ingresses. 

Region IV: 

The Ecorr is higher than the other three regions and is also referred to as Eintact. The 

polymer coating remains attached to the substrate.  

2.6.3 Cathodic delamination preparation 

The sample preparation used in this body of work is based on the methods presented 

in work first demonstrated by Stratmann et. al [53], [54], [95], [96]. The samples 

were cut into 5 cm x 5 cm coupons. A 15 mm x 50 mm area from the edge and 

perpendicular to the rolling direction of the sample was covered using adhesive tape. 

PVB layer was produced by bar casting PVB solution (15.5 % w/w) onto the 

substrate using 145 µm thick electrical tape as height guide that was placed 4.5 cm in 

from both sides of the sample cell and normal to the defect. The coated sample is 

then air-cooled at room temperature, producing a thin dry film of 16 µm thickness as 

measured by a micrometre. A penetrative defect of 10 mm length was created by 

cutting adhesive tape using a scalpel blade.  Non-corrosive silicone sealant was used 

to create a wall around the defect thus creating a well for the electrolyte. All the 

experiments were conducted at room temperature, 95 % relative humidity using a 5 

% NaCl pH 7 solution.  A schematic of Stratmann cell preparation and the resulting 

experimental sample is presented in Figure 2.12.  



49 
 

 

Figure 2.12: Schematic illustration of the Stratmann cell preparation and the 

resulting sample 

2.7 Hardness test 

The hardness test is the most common technique used for evaluating the mechanical 

properties of metal and alloys. The resistance of the material to permanent 

deformation under load is known as hardness. Generally, an indenter is pressed into 

the sample surface under a particular load for a fixed time interval and a 

measurement of the size or depth of the residual indent is made. The hardness test is 

popular because it is simple, easy and relatively non-destructive. Brinell hardness test 

was the first hardness test developed followed by a Vickers test or the Knoop test, 

the difference being the indenter geometry [97]. The two hardness measurement 

techniques used in this body of work are the Vickers hardness test and the 

nanoindentation technique. 

2.7.1 Vicker hardness test 

In the Vickers hardness (VH) test, a pointed diamond pyramid indenter with a square 

base is used. The opposite faces of the pyramid have an included angle of 136o. A 

schematic of a VH pyramid indenter is presented in Figure 2.13. [98] 
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Figure 2.13: Standard Vickers diamond pyramid indenter 

The pyramid’s base opposite has an included angle of 136o whereas the base angles 

are 22o each. The indenter is pressed against the test sample surface at a selected 

force (P) and the area of the resultant indent is measured. The Vickers hardness 

number (HV) is determined by equation 2.14. 

HV =  
𝑃

𝐴
                                                                                                                  [2.14] 

P = applied force 

A = surface area of the indentation.  

The surface area of the indent is calculated by equation 2.15. 

A = 
𝑑2

2𝑆𝑖𝑛(
136𝑜

2
)
                                                                                        [2.15] 

A =   
𝑑2

1.8544
                                                                                     

d = the average diagonal length of the indent 

Therefore, the Vicker hardness value could be obtained using equation 2.16. 

HV =  
𝑃

𝐴
 = 

1.8544𝑃

𝑑2
                                                                                  [2.16] 
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2.7.1.1 Sample preparation 

The samples were prepared as explained in section 2.1.  Mitutoyo AVK-CL Vickers 

hardness tester was used to conduct the experiments. The test parameters were; the 

objective lens was set at 10 X for the measurement of the indent length, test force 

was set to 4.9 N and the dwelling time was 10 seconds. 

2.7.2 Nanoindentation technique 

In the last two decades, nanoindentation has been very popular in investigating the 

mechanical properties of materials because of its use of small test samples and small 

loading forces. Nanoindentations has been employed to measure the hardness and 

Young’s modulus of thin films [99]–[101], microstructural phases [102], [103] and 

bulk materials [104]. Although nanoindentation has been primarily implemented in 

the study of engineering materials, several investigations have explored its 

application in the study of biomaterials like bones and DNA as well [105], [106].  

Previously during the Vickers hardness test, an indenter with known force was 

applied into the specimen surface and hardness was estimated using the resultant 

indent. Whereas, nanoindentation technique is the depth-sensing technique where the 

indenter’s displacement and the applied load are continuously recorded as the 

indenter is pressed into and removed from the sample surface. Oliver and Pharr 

developed an analysis method to calculate hardness and Young’s modulus from the 

obtained load vs displacement data or (P-h) curve [107], [108]. During the loading 

process, elastic deformation occurs on the surface of the material at the beginning of 

the loading process with the gradual increase in load, plastic deformation occurs up 

until maximum load. After the maximum load, the elastic deformation of the material 

will gradually disappear with unloading and the plastic deformation remains as the 

residual indent on the surface as shown in Figure 2.16(a). Data (P-h curve) could be 

obtained from one complete cycle of loading, holding and unloading.  

A generic schematic of a nanoindenter testing instrument is presented in Figure 2.14. 

An indenter tip is attached to a shaft. The applied force and the resultant 

displacement are measured and recorded using the transducers attached to the shaft. 
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Figure 2.14: Schematic of a nanoindenter testing instrument. 

In this body of work, indentations were conducted with a three-sided pyramid 

Berkovich indentor with a tip radius of 200 nm. A schematic of the Berkovich 

indentor is presented in Figure 2.15. The contact area (Ac) of Berkovich indenter 

during loading and unloading is calculated as a function of hc and is given by 

equation 2.17 [109]. 

Ac = 3√3 hc
2 tan2 65.3  

Ac = 24.5 hc
2                                                                                                          [2.17] 

hc = depth of the indent at the contact. 

A schematic representation of the data set obtained with a Berkovich indenter is 

presented in Figure 2.16(b). Some of the important parameters measured from the P-

h curves are the maximum load (Pmax), the maximum displacement (hmax), final 

displacement or permanent displacement (hf) and the elastic unloading stiffness (S 

=dP/dh). The S is also known as contact stiffness, the slope of the upper portion of 

the unloading curve as shown in Figure 2.16(b).  
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Figure 2.15: A schematic of the Berkovich indentor [110] 

Once the contact area (Ac) is determined using equation 2.17, the hardness (H) is 

estimated from: 

H = 
𝑃𝑚𝑎𝑥

𝐴𝑐
                                                                                               [2.18] 

Pmax = maximum load displacement 

If the sample under investigation has a significant elastic recovery during unloading, 

the nanoindentation hardness may deviate from Vickers hardness because 

nanoindentation hardness is based on contact area under load whereas Vickers 

hardness is based on residual indent area. 
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Figure 2.16:(a) A schematic representation of the unloading process displaying 

parameters illustrating the contact geometry (b) A schematic representation of the 

load vs displacement curve. 

The stiffness, S, of the elastic region of the unloading curve is given as: 

S = 
2𝛽√𝐴𝑐

√𝜋
𝐸𝑟                                                                                         [2.19] 

Ac = contact area 

Er = reduced Young’s modulus 
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β = is constant, (β = 1.034 for Berkovich indenter)[109] 

Er accounts for the elastic deformation occurring in both the indenter and the sample. 

The relationship between Er and Young’s modulus of indenter and samples is given 

by equation 2.20. 

1

𝐸𝑟
 = ( 

1−𝑣2

𝐸
 ) + ( 

1−𝑣𝑖
2

𝐸𝑖
)                                                                         [2.20] 

E = Young’s modulus of the sample 

v = Poisson’s ratio of sample 

Ei = Young’s modulus of the indenter 

vi = Poisson’s ratio of indenter  

2.7.2.1 Sample preparation 

The samples were prepared as explained in section 2.1 and finished with colloidal 

silica to give a 0.2 µm finish. Bruker’s Ti 950 Tribolndenter nanoindenter was used 

to conduct the experiments at room temperature. The maximum indentation load was 

500 µN and the indents were separated by 3 µm. 

2.8 Small punch test 

Small punch (SP) testing was first introduced in the 1980s and is being used to 

determine mechanical properties since then. During the industrial components 

lifetime, its degradation over time must be taken into account for its structural 

integrity. Orthodox techniques of mechanical testing utilize the large specimen 

leading to high structural material consumption, whose availability and volume is 

often limited. Therefore determining mechanical properties using orthodox 

techniques may lead to affecting the structural integrity or even lead to the 

destruction of the component due to access of the large test specimen from it. In 

contrast to orthodox techniques, SP allows the direct measurement of mechanical 

properties using miniature specimens. Due to its semi-destructive in nature, it has 

huge potential in fields where only a small volume of material is available such as 

the nuclear industry, aerospace industry and new alloys development. Given that the 

availability of ZMA-Ge materials is limited, the SP test technique is a promising 

option to rank their mechanical properties. 
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During the early years of the SP test, it was used in the power generation and nuclear 

industry to assess the remnant life of structural materials due to thermal ageing, 

neutron irradiation etc [111], [112]. Now its application has extended to other 

industries such as aerospace [113], [114], automotive [115], off-shore [116] and also 

non-metallic materials like bones and polymer [117], [118]. Mechanical properties 

such as tensile properties (yield strength, ultimate tensile strength, tensile 

elongation)[119], [120], fracture toughness [121], creep deformation rate and rupture 

time [122], [123] could be obtained using the SP test. 

Even though SP has been used for over 3 decades, the technique is unfortunately not 

supported by globally accepted fully-fledged normative document [124]. In 2007, the 

first initiative towards full standardisation was established, when the pre-normative 

document “CWA1562” was designed by collaboration within the Europen 

community of testing laboratories and is under continual development [125].  The 

“CWA1562” is also known as the European Code of Practice (EUCoP) 2007 for 

Small Punch Testing.  

2.8.1 SP testing rig 

The small punch technique uses small-sized specimens measuring 8 mm in diameter 

and 0.5mm in thickness. The miniature disc specimens are clamped in between upper 

and lower dies with a receiving hole of 4 mm diameter. Biaxially deformed by static 

(creep test) and variable load (tensile test) using a hemispherical indenter punch with 

2.5 mm in diameter. As the load is applied through the indenter, the indenter and 

fracture surface are driven through the receiving hole. A schematic of the SP testing 

setup is presented in Figure 2.17. 

The test set-up and relevant geometries are as per the European Code of Practice 

(EUCoP) 2007 for Small Punch Testing. Disc displacement is measured using a 

standard single linear variable displacement transducer (LVDT), which is placed 

below the specimen disc via a quartz rod.   
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Figure 2.17: Schematic representation of SP apparatus, disc retention and punch 

application [113]. 

2.8.2 Characteristics of the force-displacement curve 

The small punch tensile test is a displacement controlled technique where the punch is 

driven through the specimen at a constant velocity. The load applied to move the punch 

through the specimen is recorded as a function of punch displacement v ( at the punch 

tip) or specimen deflection u (opposite to the contact point between punch and 

specimen, on the lower side of the specimen). A typical force-displacement (P-u) curve 

for the ductile material is presented in Figure 2.18.  

 

Figure 2.18: Load vs displacement (P- u) curve for ductile material obtained from 

the SP test. 
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The  P-u curve is generally divided into four zones [126]. Zone (i) represents the 

indenting of the specimen surface due to the punch head and the elastic deformation, 

zone (ii) represents the plastic deformation, zone (iii) represent the membrane 

stretching which predominates the curve and zone (iv) plastic instabilities such as 

necking and crack occurs leading to the failure of the material. 

2.8.2.1 Correlating SP properties with the uniaxial tensile test 

Different characteristic data are extracted from the P-u curve such as: 

• Py, yield load or elastic-plastic transition load 

• Pm, maximum load  

• um, displacement at maximum load 

• uo, displacement at yield load 

• slopeini, the initial slope of zone I 

Due to the biaxiality nature of the SP test and the test specimen, the traditional method 

of translating load to stress cannot be applied [127].  Therefore, the characteristic data 

obtained from (P-u) curve are empirically correlated to determine effective yield stress, 

ultimate tensile stress (UTS) and Young’s modulus (E) using the following equations 

[126], [128], [129]:  

yield stress (σy) =  𝛼1 
𝑃𝑦

ℎ0
2 +𝛼2                                                                          [2.21] 

ultimate tensile strength (σUTS) = 𝛽1 
𝑃𝑚

ℎ0𝑢𝑚
 + 𝛽2                                           [2.22] 

ultimate tensile strength (σUTS) = 𝛽1
′  

𝑃𝑚

ℎ0
2  + 𝛽2

′                                      [2.23] 

Py= elastic-plastic transition load 

Pm= maximum load 

ho= sample thickness 

um= deflection at maximum force 

The parameters 𝛼1, 𝛼2, 𝛽1, 𝛽2, 𝛽1
′ ,  𝛽2

′ , are test constants or correlation factors that are 

obtained by directly equating known uniaxial stress data against corresponding loads 

for a series of materials and temperature [127]. Two different equations 2.22 and 2.23 
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are found in the literature for UTS, however, the normalization of Pm with houm, 

equation 2.22, is the preferred formulation because at Pm the specimen is in a state of 

membrane stretching/necking occurring state, therefore, the force can be expected to 

depend proportionally on specimen thickness [126]. 

2.8.3 Sample preparation 

The samples were cut into discs of 8 mm in diameter and 0.8 mm in thickness. The 

individual discs were grounded down to a thickness of 0.5 mm (500 µm ± 5 µm) using 

incrementally finer silicon carbide abrasive papers, finally finishing with grit paper of 

1200 grade, in accordance to EUCoP. The experiments were carried out at a constant 

displacement rate of 0.5 mm.min-1 at room temperature. To study the post corrosion 

mechanical properties, SP test ready discs were immersed in 0.17 M NaCl pH 7 

solution for 24 hours with one side covered with PTFE tape. 
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Chapter 3 Corrosion mechanism of ZMA-Ge alloys 

3.1 Introduction 

Hot-dip galvanised (HDG) pre-finished steels are used extensively in a wide variety 

of industries such as automotive and construction. Galvanising alloys are recognised 

to be a major element of these steels. Galvanising alloys (zinc and zinc-based alloys) 

provide sacrificial protection to the underlying steel substrates. Despite the enhanced 

corrosion protection offered by zinc-based coatings, there is a rising challenge to 

both further improve coating performance and lower coating weights. Enhancement 

of corrosion resistance of HDG steel coatings has been undergoing for the last two 

decades through binary and ternary additions such as aluminium and magnesium. 

The corrosion mechanism by which these additions offer greater corrosion 

protections is discussed in section 1.4.1. Among the commercially available HDG 

zinc-based coating systems; zinc (Zn), zinc-aluminium (ZA) and zinc-magnesium-

aluminium (ZMA), ZMA provides superior protection. Recently the approach of 

introducing a fourth alloying element into the ternary ZMA alloy systems has also 

been explored and initial research has shown to have a positive influence. 

Previously a variety of different alloy additions were made to ZMA alloy [69], [130]. 

Among the various additions, germanium (Ge) has displayed the lowest Vickers 

hardness value and initial corrosion experiments also displayed the improvement of 

corrosion performance. Ge additions of 0.01 wt. %, 0.78 wt.% and 1.7 wt.% were 

investigated. Corrosion investigation using SVET showed a decrease in corrosion 

performance with small Ge additions ( up to 0.05 wt. %) whereas 0.78 wt. % Ge 

increased the corrosion resistance by more than 50 % [18]. This improvement in 

corrosion enhancement was attributed to the change in the microstructure i.e volume 

fraction of the eutectic phase. However, an in-depth investigation of the corrosion 

mechanism of ZMA-Ge alloys was not conducted. 

Here in this chapter, we explore the effects of Ge additions (0 - 1.8 wt.%) in terms of 

the alloy’s microstructure and corrosion resistance using a combination of 

techniques. A combination of in-situ Scanning Vibrating Electrode Technique 

(SVET) and Time Lapse Microscopy (TLM) is used to study the effect of Ge 

additions on the corrosion resistance of ZMA alloys freely corroding in 0.17 M 

sodium chloride (NaCl) pH 7 electrolyte. SVET derived mass loss is used to assess 
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the corrosion performance of ZMA-Ge alloys and TLM is used to provide 

information regarding the corrosion mechanism at a microstructural level. 

Complimentary electrochemical (open circuit measurements (OCP)) measurements 

are also conducted. 1 Therefore, we aim to gain insight into how the changes in 

microstructure due to Ge additions affect the corrosion rate and mechanism of ZMA 

alloy. 

3.2 Sample production 

The production of the ZMA-Ge samples was completed in a closed controlled 

environment in the presence of argon gas.  ZMA (96.80 % Zn, 1.6 % Mg and 1.6 % 

of Al) pieces, provided by TATA Steels were heated to 650oC in a crucible. Varying 

amounts of Ge were added to the mixture to produce a range of four alloy 

compositions and was further heated to 1000oC. Samples were then air-cooled within 

the crucible. A pyrometer was used to measure the temperature on the alloy surface. 

3.3 Microstructural structural analysis of ZMA-Ge alloys 

The target compositions of the produced samples under investigation are presented in 

Table 3.1. The ZMA-0 Ge sample is composed of 96.80 wt.% of Zn, 1.60 wt.% of 

Mg, 1.60 wt. % of Al and 0.00 wt.% of Ge. The wt. percentage of Zn, Mg and Al 

decrease slightly with an increase in Ge content. Therefore, the highest Ge content 

sample ZMA-1.8 Ge consists of 95.08 wt. % of Zn, 1.57 wt. % of Mg & Al and 1.8 

wt. % of Ge. 

Table 3.1:Compositions in wt. % of the Zn-Mg-Al-Ge (ZMA-Ge) alloys 

Sample Zn (wt. %) Mg (wt. %) Al (wt. %) Ge (wt. %) 

ZMA-0 Ge 96.80 1.60 1.60 0.00 

ZMA-0.19 Ge 96.61 1.59 1.59 0.19 

ZMA-0.87 Ge 95.96 1.58 1.58 0.87 

ZMA-1.8 Ge 95.08 1.57 1.57 1.80 

 
1 The work presented in this chapter has been published elsewhere. 

 

N. Wint, A.D. Malla, N. Cooze, T. Savill, S. Mehraban, T. Dunlop, J.H. Sullivan, D. Penney, G. 

Williams, H.N. McMurray, The ability of Mg2Ge crystals to behave as ‘smart release’ inhibitors of the 

aqueous corrosion of Zn-Al-Mg alloys, Corrosion Science, Volume 179, 2021. 

https://doi.org/10.1016/j.corsci.2020.109091 
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The SEM image of the ZMA-0 Ge alloy is presented in Figure 3.1. ZMA-0 Ge alloy 

is composed of three different phases; primary zinc, binary eutectic and ternary 

eutectic. Primary zinc phases are surrounded by binary and ternary eutectic phases. 

Binary eutectic is a lamellar structure made up of primary zinc and MgZn2 whereas 

the ternary eutectic is made up of primary zinc, MgZn2 and aluminium nodules [78]. 

The SEM images of the microstructures of different ZMA-Ge samples are shown in 

Figure 3.2. 

 

Figure 3.1: SEM image showing the ZMA-0Ge alloy 

The addition of Ge into the ZMA alloy system results in the formation of a new 

phase within the microstructure (Figure 3.2D). EDS and XRD analysis (Figure 3.3 

and 3.4) confirms that the phase formed is magnesium germanide (Mg2Ge) which 

has been shown to form previously in ZMA alloys [18] and magnesium [131] which 

contain Ge additions. These Mg2Ge exist in two different forms; Mg2Ge plate-like 

structure (present in Ge containing samples) and faceted Mg2Ge crystals (present in 

high Ge containing samples). In ZMA-1.8 Ge (Figure 3.2D) (highest Ge 

concentration) large Mg2Ge crystals are observed in the microstructure that 

demonstrate a ‘Hopper’ crystal morphology. The “Hopper” crystals have fully 

developed edges with hollow interior spaces. The microstructural morphology 

suggests that the Mg2Ge crystals and plates are encased within the primary Zn phase 

suggesting that Mg2Ge solidifies first during freezing and provide subsequent 

nucleation sites for the primary Zn. 
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Figure 3.2: SEM images showing. A) ZMA-0 Ge, B) ZMA-0.19 Ge, C) ZMA-0.87 Ge 

and D) ZMA-1.8 Ge. 

Table 3.2: Area fraction of phases of ZMA-Ge samples with different Ge additions 

Sample Area % of Primary Zn Area % of Eutectic Area of Mg2Ge 

ZMA-0 Ge 67.52 ± 2.18 32.34 ± 1.92 0.00 ± 0.00 

ZMA-0.19 Ge 69.89 ± 6.21 28.54 ± 6.27 1.57 ± 0.07 

ZMA-0.87 Ge 75.17 ± 0.45 22.23 ± 0.64 2.60 ± 0.22 

ZMA-1.8 Ge 78.31 ± 5.67 7.41 ± 1.27 14.28 ± 6.84 

 

The average area fraction of different phases taken from 3 different areas for each 

sample are shown in Table 3.2. The percentage of the surface area covered by 

Mg2Ge increases from 1.57 % in the ZMA-0.19 Ge sample to 14.28 % in the ZMA-

1.8 Ge sample. Correspondingly the Mg containing the eutectic phase decreases from 
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32.34 % to 7.41 %. Also, the surface area fraction of primary Zn increases from 

67.52% for ZMA-0 Ge to 78.31 % for ZMA-1.8 Ge.  

 

Figure 3.3: EDS analysis of Mg2Ge crystal 

 

Figure 3.4: XRD analysis of ZMA-0.87 Ge alloy 

3.4 Electrochemical Measurements 

Figure 3.5 (a) presents the OCP of the ZMA-Ge samples over 24 hours immersed in 

pH 7 0.17 mol.dm-3 NaCl. The initial potential of ~ -1.02 V vs. SCE is measured for 

all samples after which a shift to more negative potential is observed for the first 

hour of the experiment. This shift in potential is dependent upon Ge content. For 

ZMA-0 Ge there is a small shift in OCP to ~ -1.03 V vs SCE. The OCP values then 

fluctuate between -1.02 V and -1.04 V vs SCE over the 24-hour experiment. For 
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ZMA-0.19 Ge and ZMA-0.87 Ge, the potential shifts to ~ -1.04 V vs. SCE and ~ -

1.06 V vs. SCE respectively. However, in the case of ZMA-1.8 Ge after the initial 

shift to more negative potential (~ -1.14 V vs. SCE), the potential steadily shifts back 

to a more positive potential and reaches ~ -1.05 V vs. SCE after 6 hours. The 

potentials for all the alloys converge towards ~ -1.04V ± 0.01V vs SCE after 24 

hours. 

 

Figure 3.5 (a): The time-dependent OCP for various ZMA-Ge immersed in 0.17 M 

NaCl at pH 7. 

To further examine the change in corrosion behaviour during the initial hours of the 

experiment observed during OCP measurement, the ZMA-0 Ge and ZMA-1.8 Ge 

were subjected to linear polarisation measurements. The measurements were 

performed for 5 hours with the first measurement taken after 10 min and 

subsequently after each hour. The polarisation resistance (Rp) values are presented in 

Figure 3.5 (b). The samples were polarised by ±15 mV from OCP at a scan rate of 

0.166 mVs-1 in 0.17 mol.dm-3 pH 7 NaCl solution. 

Throughout the 5 hours, Rp values of ZMA-1.8 Ge are around one order of 

magnitude larger than those of ZMA-0 Ge.  As icorr α 1 / Rp, it indicates consistently 

lower corrosion current on ZMA- 1.8 Ge. Thus, suggesting an enhanced corrosion 

resistance for ZMA-1.8 Ge. 
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Figure 3.5 (b): Linear polarization resistance measurements obtained for ZMA-0 Ge 

and ZMA-1.8 Ge. 

3.5 Scanning Vibrating Electrode Technique (SVET) 

Figure 3.6 (a) shows the normal current density measured above the surface of the 

ZMA-Ge alloys freely corroding in pH 7 0.17 mol.dm-3 NaCl solution. For  ZMA-0 

Ge, ZMA-0.19 Ge and ZMA-0.87 Ge corrosion is highly localized from the onset 

and the anodic positions remain rather fixed with time once initiated. Approximately 

5 A.m-2 peak anodic current densities are recorded. As the content of Ge increases 

the number of individual anodic features decreases. The initiation of anodic attack is 

delayed for several hours for ZMA-1.8 Ge and, once established it is more 

generalised in nature. Lower values of peak anodic current densities are observed for 

ZMA-1.8 Ge.  

 

The SVET derived hourly metal loss (average of three measurements) as a function 

of time for both ZMA – 0 Ge and Zn – 1.8 Ge during immersion on pH 7 0.17 M 

NaCl for 24 hours are presented in Figure 3.6 (b).  The figure shows that the 

corrosion rate of ZMA – 0 Ge is higher compared to ZMA – 1.8 Ge throughout the 

experimental time but remains reasonably constant ~ 0.25 g.m-2. However, for ZMA 

– 1.8 Ge the corrosion rate is considerably lower ~ 0.02 g.m-2 at the beginning of the 

experiment and increase with time. 
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Figure 3.6 (a): SVET false colour maps showing normal current density measured 

above ZMA-Ge alloys immersed in pH 7 0.17 M NaCl solution. 

 

Figure 3.6 (b): SVET derived hourly metal loss as a function of time for ZMA – 0 Ge 

and ZMA – 1.8 Ge after immersion in pH 7 0.17 M NaCl solution for 24 hours. 
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Table 3.4: SVET derived metal loss for ZMA-Ge samples immersed in pH 7 1 wt. % 

NaCl solution after 24 hours. 

Sample Mass Loss (g.m-2) 

ZMA-0 Ge 5.01 ± 0.49 

ZMA-0.19 Ge 8.53 ± 2.16 

ZMA-0.87 Ge 4.41 ± 0.51 

ZMA-1.80 Ge 2.11 ± 0.84 

 

The measured current density (also represented in form of colour maps in Figure 3.6 

(a)) could also be used to calculate the total mass/metal loss.  The current density 

measured could be converted into charge then convert to total metal loss by the 

application of the Faraday law. The SVET derived metal loss for ZMA-Ge samples 

after 24 hours of immersion in 0.17 mol.dm-3 NaCl is presented in Table 3.4. The 

errors shown are based on the standard deviation of three measurements. The metal 

loss for ZMA-0.19 Ge is 8.53 g.m-2 compared to 5.01 g.m-2 for ZMA-0 Ge. The 

values for ZMA-0.87 Ge and ZMA-1.8 Ge were 4.41 g.m-2 and 2.11 g.m-2 

respectively. It, thus, seems that the Ge additions can substantially diminish the metal 

loss in these alloys when alloyed at levels above a threshold amount. 

3.6 Time-Lapse Microscopy (TLM) 

The variation in corrosion mechanism observed in  ZMA-1.8 Ge during SVET 

experiments and electrochemical measurement is further investigated using TLM. 

TLM enables the acquisition of mechanistic knowledge of corrosion at a 

microstructural level with respect to time. Figure 3.7 shows optical microscopy 

images of the surface of ZMA-Ge alloys after 1 hour, 6 hours and 12 hours of 

immersion in pH 7 0.17 mol.dm-3
 NaCl. Two anodic features (Figure 3.7a) are 

observed on the surface of ZMA-0 Ge after 1 hour of immersion, after which they 

expand in size (see also Video V1). A corrosion product ring is also observed at a 

distance from the anodes which becomes thicker with time. Corrosion product rings 

have previously been claimed to form at boundaries where metal ions generated at 

the anodic site and hydroxide ions generated at the cathodic site encounter [32].  
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In the case of ZMA-1.8 Ge (Figure 3.8b) similar corrosion features are not observed 

on the surface (primary zinc and eutectic phase) at 1 hour of immersion. However, 

blackening of the Mg2Ge crystals was observed during this initial period (see Video 

V2). After the initial delay, corrosion ( attack on the Zn phase) is initiated at the 

boundary between primary zinc and Mg2Ge crystals. The anodic features and 

development of the corrosion phenomenon are similar to those observed in the ZMA-

0 Ge alloy however it is somewhat constrained. The anode-cathode spacing as 

determined by the distance from the anode to the corrosion product ring is 

considerably smaller (typically ~ 75 µm) than that observed on ZMA-0 Ge (typically 

~ 250 µm). This delay in initiation is explicit in the TLM video shown (V2) and is 

further analysed by measuring the anodic area. 

 

From the time-lapse images, it is possible to measure the anodic area with respect to 

time. However, it should be considered that this measurement assumes that the anode 

growth is laterally progressive and the growth with respect to the depth of attack is 

not considered. Plots of the average anode area of three experiments versus time for 

ZMA-0 Ge and ZMA-1.8 Ge are shown in Figure 3.8.   

 

Figure 3.7: Optical microscope image of the a) ZMA-0 Ge and b) ZMA-1.8 Ge 

surface taken in-situ under immersion conditions in 0.17M NaCl pH 7 solution. 
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Figure 3.8: Corroded area versus time for ZMA-0 Ge and ZMA-1.8 Ge for immersed 

in 0.17M NaCl pH 7 solution for 5 hours. 

In Figure 3.8, a linear increase in the corroded area can be observed for ZMA-0 Ge. 

However, in contrast, for ZMA-1.8 Ge, a delay of ~ 4 hours is observed before any 

significant anodic area in primary zinc and eutectic is observed. This delay in 

initiation is dependent on the surface area covered by the Mg2Ge crystal of the 

overall exposed surface. The instantaneous formation of an anode for ZMA-0 Ge and 

significantly delayed anodic features formation for ZMA-1.8 Ge can be observed in 

Video V1 and Video V2 respectively. 

It would seem rational that the enhanced protection and change in corrosion 

mechanism afforded by the ZMA-1.8 Ge are due to the change in microstructure and 

the presence of Mg2Ge crystals. Therefore, corrosion of Mg2Ge crystals was 

investigated by completing EDS analysis prior to and following immersion in 0.17 

mol.dm-3 pH 7 NaCl solution for 2 hours. Figure 3.9 (a & b) presents SEM images of 

Mg2Ge crystals prior to immersion in NaCl solution. The weight percentage of Mg, 

calculated using EDS, is 40.92 wt. % and 40.36 wt. % respectively. Figure 3.9 (c & 

d) presents that the Mg content of those same crystals has dropped to 20.91 wt. %  

and 17.63 wt. % after 2 hours of immersion. 
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ZMA-0 Ge and ZMA-1.8 Ge were subject to further TLM investigation in the 

presence of the phenolphthalein indicator. Phenolphthalein is an indicator that is 

colourless at pH values below pH 8 and turns pink at pH above 8. The NaCl 

electrolyte was dosed with 1 wt. % phenolphthalein. Figure 3.10 shows a TLM 

image of the ZMA-0 Ge surface after 4 minutes of immersion in 0.17 mol.dm-3 pH 7 

NaCl solution dosed with 1 wt.% phenolphthalein. Figure 3.10 and video V3 shows 

the establishment of a pH gradient with respect to anodic and cathodic sites. The pH 

> 8 is observed surrounding the cathodic sites and pH < 8 is observed surrounding 

the anodic sites. A similar pH gradient has been observed previously during the study 

of ZMA coatings [78].  

The change in electrolyte pH for ZMA-1.8 Ge after immersion for 2 minutes, 4 

minutes, 1 hour and 14 hours in pH 7 0.17 mol.dm-3 NaCl containing 1 wt. % 

phenolphthalein is presented in Figure 3.11.  Figure 3.11 and Video V4 show the pH 

value of the electrolyte across the entire surface to be below 8 at the beginning of the 

experiment. After 1 hour, the colour throughout the surface transforms into pink 

showing a pH value greater than 8.  Finally, after 14 hours a potential gradient is set 

up across the electrolyte (Figure 3.11(d)) similar to that observed in ZMA-0 Ge 

(Figure 3.10).  

To further examine the nature of the pH that developed above the ZMA-Ge surface, 

ZMA-0 Ge was subject to an inkblot test. The sample was prepared identically as for 

SVET experiments. A droplet of 0.17 M NaCl pH 7 solution was then added to cover 

the area. After 1-hour universal indicator paper was applied to the droplet. The 

colour change in universal indicator paper for ZMA-0 Ge is presented in Figure 3.13. 

The figure illustrates that a pH of 9-10 has developed over the exposed sample area 

similar to that observed in Figure 3.10 and Figure 3.11. 
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Figure 3.9: SEM image of the ZMA-1.8 Ge surface with EDS analysis of two 

different individual Mg2Ge crystals obtained (a & b) prior to and (c & d) after 2 

hours of immersion in pH 7 0.17 M NaCl. 
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Figure 3.10: Optical microscope image of ZMA-0 Ge surface taken after 4 minutes 

of immersion in pH 7 0.17M NaCl solution in the presence of phenolphthalein 

indicator. 

 

Figure 3.11: Optical microscope image of ZMA-1.8 Ge surface taken after a) 2 

minutes, b) 4 minutes, c) 1 hour and d) 14 hours of immersion in pH 7 0.17M NaCl 

solution in the presence of phenolphthalein indicator. 
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Figure 3.12: A photo of universal indicator paper which had been applied to a 

droplet of 0.17 mol.dm-3 NaCl pH 7 applied to ZMA-0 Ge for 1 hour. 

3.7 Discussion 

The precise mechanism by which additions of Ge ( > 0.87 wt.%) provide enhanced 

corrosion protection is yet to be fully determined however it would seem reasonable 

to suggest that the principal microstructural components responsible for the increased 

resistance observed, are the Mg2Ge. Once exposed to the corrosive electrolyte, it is 

understood that Mg2Ge undergoes preferential anodic de-alloying by loss of Mg2+, 

leaving behind a surface enriched in Ge (Figure 3.9) thus acting as a reservoir/source 

of Mg2+ ions. This initial anodic dissolution relates to the initial corrosion potential 

fall observed for all three Ge containing samples (Figure 3.5). The Mg2+ ions 

released from the Mg2Ge crystals react with the hydroxyl ions (OH-) generated at the 

cathode to form Mg(OH)2. Mg(OH)2 has a solubility product Ksp of 1.8 x 10-11 

mol3.dm-9 [132] and the production of Mg(OH)2 will ensure that local electrolyte pH 

is maintained at ~10.5, at which pH the zinc surfaces are passive [64], [71]. This 

phenomenon is reinforced by the pink appearance (pH > 8) of the electrolyte above 

the ZMA-1.8 Ge sample in the presence of 1 wt. % phenolphthalein (Figure 3.11). In 

comparison, both Zn2+ and Mg2+ are formed during the dissolution of the eutectic 

phase (Primary zinc & MgZn2) which occurs during the corrosion of ZMA-0 Ge 

[32], [71], [75]. The hydrolysis of Zn2+ metal cations will result in local acidification 

[133] and limit the increase in pH which occurs during Mg dissolution. As a result, a 

favourable environment for Zn surface passivation across the entire exposed surface 

of ZMA-0 Ge is not established in contrast to ZMA-1.8 Ge.  
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ZMA-1.8 Ge takes approximately 6 hours to stabilise after the initial drop in 

potential and this relates to the time taken to observe anodic activity in TLM (Figure 

3.8) and SVET (Figure 3.7) experiments. The chemical conditions created on the 

surface of the ZMA-1.8 Ge alloy due to initial Mg2Ge dissolution seems to provide a 

transient level of protection to the zinc. Subsequently, the protection locally breaks 

down and the zinc phase begins to corrode, initiating initially at boundaries with the 

Mg2Ge crystals. However, the increased bulk electrolyte pH means that the zinc 

cations (produced at the anodes) are only required to travel a short distance before 

the solubility limit associated with Zn(OH)2 is reached. This means that once 

initiated, corrosion on ZMA-1.8 Ge is constrained compared to that on ZMA-0 Ge 

(Figure 3.7) as shown by the smaller radius of the corrosion product ring. Evidence 

of zinc dissolution in these regions is demonstrated in Figure 3.11(d) by the visual 

attack of the zinc phase in the TLM images, and the establishment of a pH <8 around 

this anodic region indicative of Zn2+ hydrolysis. 

At this point, a question appears as to why the initial anodic de-alloying of Mg2Ge is 

not detected on SVET for ZMA-1.8 Ge (Figure 3.6). As illustrated by the SEM 

images in Figure 3.2, the average size of a Mg2Ge crystal is ~ 100 μm which is 

below the instrumental whm of the SVET (~260 μm)[89]. Thus, SVET may not 

individually resolve each crystal due to its size. Also, the anode to cathode spacing 

(i.e Mg2Ge crystals to the primary zinc phase) may be less than the SVET tip scan 

height of 100 µm above the sample surface.  As a result, the lines of current flux 

between the anode and cathode might not intersect the SVET plane of scan and 

therefore will not be detected. This may lead to underestimation of ZMA-1.8 Ge 

metal loss (Table 3.4). However, the Rp values (Table 3.3) of ZMA-1.8 Ge are 

approximately 10 times lower than ZMA-0 Ge throughout the first 5 hours indicating 

the corrosion kinetics of ZMA-1.8 Ge are diminished in comparison to ZMA-0 Ge.  

The increase in potential (Figure 3.5) and anodic activity (Figure 3.6) observed for 

ZMA-1.8 Ge samples after ~ 6 hours of immersion implies that Mg2Ge is only able 

to provide a transient inhibitive effect. Nevertheless, the introduction of Mg2Ge into 

ZMA coatings, (and absence of MgZn2 and Mg2Zn11) to provide enhanced corrosion 

protection is of interest, particularly for applications where electrolyte exposure is 

limited (for example in the case of organically coated systems in which ZMA is 

typically used), and is worthy of further investigation. 
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3.8 Conclusions 

A systematic study into the effect of Ge additions on the microstructure and 

corrosion resistance afforded by Zn-Al-Mg alloy coatings has been completed to 

reveal that; 

• the addition of Ge into the ZMA alloy system resulted in the formation of a 

Mg2Ge phase within the microstructure. This phase existed in two different 

forms. At all levels of Ge addition, a Mg2Ge plate-like structure was observed 

and at the highest concentration, large Mg2Ge crystals were also observed. 

The area fraction of the eutectic phase decreased with increasing Ge content. 

• A decrease in open circuit potential was initially observed for all ZMA-Ge 

samples. The decrease was larger at increased levels of Ge content. 

• The SVET derived mass loss decreased with Ge content for values of Ge ≥ 

0.87 wt. %. A 57.88 % decrease in mass loss was achieved at the highest 

levels of Ge additions (1.8 wt. %). 

• The addition of 1.8 wt. % Ge delayed the initiation of corrosion of zinc phase 

and once initiated corrosion is somewhat constrained compared to that 

observed in the absence of Ge additions. 

• In the absence of Ge a pH gradient is established with respect to anodic and 

cathodic sites. In comparison, the pH in the electrolyte above the entire 

surface of a corroding ZMA-1.8 Ge sample was above 8 until the dissolution 

of the zinc phase. 

It is proposed that the Mg2Ge crystals, present within ZMA-Ge alloys undergo 

anodic de-alloying by loss of Mg2+, leaving behind a surface enriched in Ge. The 

Mg2+ ions released during this process react with the OH- (generated at the cathode) 

to form Mg(OH)2 which will ensure that local electrolyte pH values at which the zinc 

surface is passive. The findings of this work highlight the potential use of Ge to form 

thermally and mechanically stable, intermetallic ‘smart release’ capsules which can 

be incorporated into metallic coatings. 
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Chapter 4 Mechanical properties of ZMA-Ge alloys 

4.1 Introduction 

The hot-dip galvanised (HDG) prefinished steel are used in numerous industries and 

are shaped into the desired forms by bending, stamping and pressing. Such 

processing can cause large deformations in the steel substrate and could also induce 

cracks onto the coating alloy. The efficiency of the protection provided by the 

coating is affected by the presence of these cracks. The propagation of induced 

cracks provides pathways for moisture and air to ingress leading to steel causing 

accelerated coating and galvanic corrosion causing potentially premature steel 

corrosion. It is commercially desirable to minimise the formation of cracks on the 

coatings in order to prolong the life of the HDG prefinished steel products. 

Therefore, the mechanical property, the formability of coating alloys is of paramount 

importance for metallic coatings. 

Investigation on cracking of HDG zinc magnesium aluminium (ZMA) coating 

showed that the cracks initiate on intermetallic MgZn2 present in the binary eutectic 

phase [134]. Crack initiation occurs in the MgZn2 phase of the microstructure and the 

crack propagation leads to the exposure of the underlying steel which is illustrated in 

Figure 4.1. 

 

Figure 4.1: (a) Cracks initiation on MgZn2 phase on ZMA coating (b) Crack 

propagation leading to exposure of underlying steel substrate after bend test. 

In Chapter 3, the effects of Ge additions (0 - 1.8 wt.%) in terms of the alloy’s 

microstructure and corrosion resistance was investigated. Here, the impact of Ge 
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additions (0 - 1.8 wt.%) in terms of mechanical properties is investigated. 

Furthermore, Galv Zn (99.8 wt. % Zn - 0.2 wt. % Al) and Galfan (95 wt.% Zn - 5 

wt.% Al) were both obtained from TATA Steel’s Galvanising Line bath and 

solidified via casting are also investigated. A combination of miniature testing 

techniques, Vickers Hardness & Nano-indentation techniques are utilized to study 

the hardness and a Small Punch test is used to study the tensile properties. 

4.2 Vickers Hardness Measurements 

Vickers Hardness measurements were conducted to investigate the effect on hardness 

due to varying amounts of Ge additions (0 - 1.8 wt.%) on ZMA.  The average 

Vickers Hardness values (HV) for ZMA alloy with various Ge additions along Galv 

Zn and Galfan are presented in Table 4.1. The errors shown are based on the standard 

deviation of 10 measurements. 

Table 4.1: Vickers Hardness values of zinc and its alloys. 

Sample HV 

Galv Zn 51.60 ± 1.94 

Galfan 72.28 ± 2.04 

ZMA - 0 Ge 88.03 ± 4.00 

ZMA - 0.19 Ge 91.56 ± 3.87 

ZMA - 0.87 Ge 82.14 ± 4.65 

ZMA - 1.8 Ge 71.50 ± 5.33 

 

Among the commercially available metallic coatings tested, the result shows 

hardness in the order Galv Zn < Galfan < ZMA - 0 Ge. The addition of 5 wt.% of Al 

(Galfan) has increased the HV of Galv Zn by 40.08 % from 51.60 to 72.28. Similarly, 

the addition of 1.6 wt.% of Al and 1.6 wt.% of Mg has increased the HV of Galv Zn 

by 70.60 % from 51.60 to 88.03. 

In the case of ZMA-Ge alloys, the result shows a general decrease in HV with an 

increase of Ge addition except for ZMA - 0.19 Ge where a slight increase in HV is 

observed. The result shows hardness in the order ZMA - 1.8 Ge < ZMA - 0.87 Ge < 

ZMA - 0 Ge < ZMA - 0.19 Ge. The addition of 0.19 wt. % of Ge has increased the 

HV of ZMA by 4 % from 88.03 to 91.56 whereas the addition of 1.8 wt. % of Ge has 

reduced the HV of ZMA by 18.78 % from 88.03 to 71.50. The relationship between 
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the hardness (HV) and the area % of the eutectic phase of ZMA alloys is presented in 

Figure 4.2. 

 

Figure 4.2: Relationship between the hardness and the area % of the eutectic phase 

of ZMA alloys. 

In section 3.2 and Table 3.2, we observed a decrease in the area % of the eutectic 

phase with an increase in Ge concentration. Correspondingly, the same trend is 

observed for HV in Figure 4.2 except for the lowest Ge concentration. Therefore, a 

direct relationship between the HV and area % of the eutectic phase is observed.   
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4.3 Nanoindentation Technique 

In section 4.2, the highest Ge concentration displayed a relatively higher reduction in 

HV compared to the other Ge concentrations. Therefore, here ZMA - 0 Ge and ZMA 

- 1.8 Ge are the subject of the Nanoindentation technique investigation. In order to 

estimate the nanomechanical properties of the different phases of ZMA alloys 

[primary zinc (Zn phase) of ZMA -0 Ge, eutectic phase of ZMA - 0 Ge and Zn phase 

of ZMA-1.8 Ge], nanoindentation tests were performed to precisely measure the 

reduced elastic modulus (Er) and hardness (H) values. In addition, Galv Zn and 

Galfan were also investigated.  

 

Figure 4.3: (a) Optical microscope image of ZMA – 0 Ge alloy showing primary 

zinc, eutectic phase and residual indents (b) AFM  image of residual indents due to 

500 µN maximum load on ZMA alloy. 

The optical microscope and atomic force microscope (AFM) image of ZMA - 0 Ge 

alloy after the nanoindentation experiment is presented in Figure 4.3. Distinct 

triangular impressions of the nanoindenter after single loading with a maximum load 

of 500 µN are presented in Figure 4.3. The distance between indents was set at 3 µm, 

in order to prevent possible intersecting of plastic deformation zone onto nearby 

indents. The residual indents on the primary zinc phase appear larger in comparison 

to the eutectic phase. This difference in residual indents suggests there exists a 

difference in hardness between the primary zinc phase and the eutectic phase of 

ZMA alloy. Hence, indicating the eutectic phase is much harder compared to the Zn 

phase. 
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The load-depth (P-h) curves obtained after nanoindentation tests are divided into 

three different phases in accordance with the load shift. The first phase is the loading 

phase prior to the maximum indentation load is reached. During this loading phase, 

the elastic deformation gradually decreases, whereas the plastic deformation 

increases. The second phase is the dwelling phase where the maximum load is 

maintained for 5 seconds. This dwelling is presented as a short flat line at maximum 

load in Figure 4.4. The final is the unloading phase. The applied load is gradually 

lowered until it is entirely unloaded. The indentation deformation consists of elastic 

and plastic deformation during loading whereas pure elastic deformation during 

unloading [135].  

 

Figure 4.4: Load-depth (P-h) curves obtained from nanoindentation on the primary 

zinc phase of ZMA-0 Ge and ZMA- 1.8 Ge along with the eutectic phase of ZMA- 

0Ge. 

Figure 4.4 demonstrates the (P-h) curves for the Zn phase of ZMA - 0 Ge (0 Ge) & 

ZMA - 1.8 Ge (1.8 Ge) and eutectic phase of 0 Ge. In the case of 0 Ge, the eutectic 

phase P-h curve has shifted to the left direction relative to the Zn phase. Also, for the 

eutectic phase, an appreciable decrease in the depth of penetration and an increase in 

the slope of the loading stage is observed. This shift of the P-h curve toward the left 

direction, decrease in the penetration depth and increase in loading curve slope 

indicates an increase in hardness for the eutectic phase compared to the Zn phase. 
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In the case of 1.8 Ge, the addition of 1.8 wt. % of germanium (Ge) has shifted the P-

h curve of the Zn phase to the right direction relative to the Zn phase of 0 Ge. It is 

also observed that the slopes of the loading stage of the Zn phase of 0 Ge and 1.8 Ge 

are indistinguishable at the beginning but as the load increases (> 50 µN) the slope of 

the Zn phase of 1.8 Ge decreases subsequently achieving a higher depth of 

penetration. Therefore, the addition of 1.8 wt. % of Ge indicates the reduction in 

hardness of the Zn phase. 

Figure 4.5 demonstrates the (P-h) curves Zn phase of 0 Ge & 1.8 Ge, eutectic phase 

of 0 Ge, Galv Zn and Galfan. The obtained P-h curves of Galv Zn and Galfan are 

similar to that of the Zn phase of 1.8 Ge.  

 

Figure 4.5: Load-depth (P-h) curves obtained from nanoindentation for the primary 

zinc phase of ZMA - 0 Ge and ZMA - 1.8 Ge, the eutectic phase of ZMA- 0Ge, Galv 

zinc and Galfan. 

Table 4.2, presents the reduced elastic modulus (Er), hardness (H), maximum depth 

(Max depth) and contact depth values obtained from the load-depth curves. The 

errors shown are based on the standard deviation of five indentation measurements. 

The Er for Zn phase of 0 Ge, eutectic phase of 0 Ge, Zn phase of 1.8 Ge, Galv Zn and 

Galfan are 113.02 GPa, 125.92 GPa, 78.07 GPa, 89.92 GPa and 93.22 GPa 

respectively. Similarly, the H values for Zn phase of 0 Ge, eutectic phase of 0 Ge, Zn 

phase of 1.8 Ge, Galv Zn and Galfan are 1.96 GPa, 4.55 GPa, 1.65 GPa, 1.34 GPa 

and 1.93 GPa respectively.  
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Galv Zn which contains 0.2 wt. % Al has H value of 1.34 GPa. Addition of 5 wt. % 

of Al (Galfan) has increased the H value by 44.03 % to 1.93 GPa. Similarly, the 

addition of 1.6 wt. % of Mg and 1.6 wt. % of Al (ZMA- 0 Ge) has also increased the 

H value of the Zn phase by 46.27 % to 1.96 GPa. 

In the case of 0 Ge, the Er and H of the eutectic phase are 11.41 % and 132.14 % 

higher compared to the Zn phase whereas, the addition of 1.8 wt % of Ge has had a 

positive impact in terms of reducing the Er and H of Zn phase. The 1.8 wt % of Ge 

additions has diminished the Er and H of the Zn phase by 30.92 % and 15.81 % 

compared to the Zn phase of 0 Ge.   

Table 4.2: Reduced elastic modulus and hardness values obtained after 

nanoindentation tests. 

 

Zn phase 

(0 Ge) 

Eutectic 

phase      

(0 Ge) 

Zn phase 

(1.8 Ge) Galv Zn Galfan 

Reduced Elastic 

Modulus 

(Er)(Gpa) 

113.02 ± 

2.46 

125.91 ± 

10.82 

78.07 ± 

6.37 

89.92 ± 

4.02 

93.22 ± 

4.93 

Hardness (H) 

(Gpa) 

1.96 ± 

0.10 

4.55 ± 

1.17 

1.65 ± 

0.15 

1.34 ± 

0.27 

1.93 ± 

0.04 

Max Depth 

(µm) 

89.82 ± 

2.24 

61.08 ± 

7.11 

100.68 ± 

4.94 

124.32 ± 

13.18 

101.96 ± 

1.18 

Contact Depth 

(µm) 

84.01 ± 

2.45 

53.23 ± 

7.47 

92.95 ± 

4.67 

118.30 ± 

13.80 

94.96 ± 

1.14 
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4.4 Small Punch Test 

4.4.1 Pre-corrosion Small Punch Tensile Test  

Small Punch Tensile (SPT) test has been employed to evaluate the mechanical 

performance of alloys with various (0.19 -  1.8 wt.%) additions of germanium, Galv 

Zn and Galfan. The sample preparation procedure for the SPT is explained in section 

2.8.3. SPT results, load-displacement (P-u) curves obtained are presented in Figure 

4.6.  Significant differences can be observed between the responses of the different 

materials. 

 

Figure 4.6: Load-displacement curves of the SPT test conducted at room 

temperature at a displacement rate of 0.5 mm.min-1 for ZMA-Ge alloys along with 

Galv Zn and Galfan. 

The maximum load (Pm) and displacement at maximum load (um) can easily be 

obtained from the P- u curve. The elastic-plastic transition point (yield point, Py) is 

not clearly defined as yielding occurs successively in different areas of the specimen 

during the test [126]. Different methods of determining Py are found in the literature 

[126], [136]. Here, we use the method proposed by Mao and Takahashi [128] where 

Py is defined as the intersection of two tangents outlining the elastic regime (zone I ) 

and the plastic regime (zone II). Figure 4.7 illustrates the method used to define the 
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Py along with the other different SPT test characteristic points. Characteristic points 

Pm, Py, um and displacement at Py (uo) of all the materials are presented in Table 4.3. 

 

Figure 4.7: Load-displacement curve for 0 Ge with different SPT test characteristic 

point along with the method used to determine Py. 

Table 4.3: Characteristic points for different test specimens. 

Sample Pm (N) um (mm) Py (N) uo (mm) um-uo (mm) 

0 Ge 147.82 0.30 83 0.02 0.28 

0.19 Ge 130.04 0.17 42 0.01 0.16 

0.87 Ge 125.67 0.18 81 0.01 0.17 

1.8 Ge 114.84 0.21 66.5 0.02 0.19 

Galv Zn 112.20 1.04 97 0.02 1.02 

Galfan 169.70 0.38 45 0.04 0.34 

 

Figure 4.6 and Table 4.3 demonstrates that among commercially available metallic 

coatings investigated, Galv Zn has shown the superior deformation with 1.04 mm 

displacement and 0 Ge has the weakest response to deformation, with an achieved 

displacement of 0.30 mm at its Pm. However, Galfan has the highest Pm value with 

169.7 N and Galv Zn has the lowest Pm value with 112.2 N. 
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Among the ZMA-Ge alloys, 0 Ge exhibited the superior deformation with 0.30 mm 

displacement and 0.19 Ge the least with 0.17 mm displacement. The addition of a 

small amount of Ge (0.19 wt.%) in ZMA has significantly reduced the displacement 

from 0.30 mm to 0.17 mm at Pm however further higher addition of Ge had minimal 

impact on their displacement, with 0.18 mm and 0.21 mm for 0.87 and 1.8 Ge 

respectively at Pm.  

It can be seen that during the early stages of the tests up to the yield stress point (Py), 

the plots for all the tests are relatively comparable however it is the plastic 

deformation region and membrane stretching region of the test that difference could 

be identified. The P-u curves of 0 Ge and 0.87 Ge display the steepest gradient 

before the significant shallowing of the gradient. In comparison to 0 Ge, the 1.8 Ge 

displays a relatively less steep gradient in the plastic deformation and membrane 

stretching section and the gradient shallowed much earlier. The shallowing of the 

gradient is attributed to the onset of cracking in the specimen and the higher Pm is an 

indication of higher resistance to the onset of cracking [137]. Among the ZMA-Ge 

alloys, the Pm decreases gradually with an increase in Ge concentration. The result 

shows Pm in the order 0 Ge > 0.19 Ge > 0.87 Ge > 1.8 Ge. 

The formability of material is associated with the plastic deformation region on a 

tensile test curve and it can be represented in terms of displacement as the difference 

between displacement at um and u0. The um - u0 for all the investigated materials are 

presented in Table 4.3. Among the three commercial available metallic coatings; 

Galv Zn, Galfan and ZMA-0 Ge (MagiZinc) Galv Zn has demonstrated the best 

formability and outperformed the other two. Galfan and ZMA-0 Ge demonstrated 

similar formability. The displacement of Galv Zn is three times the displacement of 

Galfan the second-best and ~ four times the ZMA- 0 Ge.  

 

A small addition of Ge (0.19 wt.%) reduced the displacement by almost half from 

0.28 mm for 0 Ge to 0.16 mm. The addition of 0.87 wt.% of Ge seems to slightly 

improve the displacement in comparison to 0.19 Ge from 0.16 mm to 0.17 mm. 

Further, increase in Ge addition to 1.8 wt. % achieved a displacement of 0.19 mm. 

The higher Ge addition alloys performed better than the low Ge additions. 
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4.4.2 Post-corrosion Small Punch Tensile Test  

The post corrosion mechanical performance of ZMA - Ge alloys, Galv Zn and 

Galfan were also investigated. To do so the test ready samples were immersed in 

0.17 M NaCl pH 7 solution for 24 hours before performing SPT tests. Post corrosion 

SPT test results load-displacement (P-u) curves and characteristic points Pm, Py, um 

and uo of all the materials are presented in Figure 4.8 and Table 4.4 respectively. 

 

 

Figure 4.8: Load-displacement curves of SPT tests conducted at room temperature at 

a displacement rate of 0.5 mm.min-1 after immersion in 0.17 M NaCl pH 7 solution 

for 24 hours for ZMA-Ge alloys along with Galv Zn and Galfan. 

Immersion in 0.17 M NaCl pH 7 solution for 24 hours has had a significant reduction 

in strength of material except for Galv Zn which has maintained its structural 

integrity (Table 4.3).  Similar to the pre-corrosion investigation among the 

commercially available metallic coatings, Galv Zn has exhibited superior 

displacement with 1.10 mm at Pm and 0 Ge exhibited the weakest response to 

displacement with 0.21 mm at Pm. However, Galfan has the highest Pm value with 

144.4 N and ZMA - 0 Ge has the lowest Pm value with 65.9 N.  
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Among the ZMA-Ge alloys, all four alloys exhibited similar displacement at Pm. 0.19 

Ge and 0.87 Ge have the weakest response to deformation, with an achieved 

displacement of 0.21 mm at its Pm. The addition of a varying amount of Ge has had a 

minimal impact on the alloys response to displacement at Pm. No particular trend is 

observed between the Ge content and its impact on the Pm of the ZMA – Ge alloys. 

Table 4.4: Characteristic points for different test specimens after immersion in 0.17 

M NaCl pH 7 solution for 24 hours 

Sample Pm (N) um (mm) Py (N) uo (mm) um-uo (mm) 

0 Ge 65.9 0.21 24 0.01 0.20 

0.19 Ge 113.9 0.23 35.5 0.01 0.22 

0.87 Ge 73.8 0.21 37 0.02 0.19 

1.8 Ge 127.2 0.22 39 0.03 0.19 

Galv Zn 113.4 1.10 48.5 0.02 1.08 

Galfan 144.4 0.30 116 0.04 0.26 

 

Similar to the pre-corrosion study Galv Zn has demonstrated superior plastic 

deformation in comparison to all investigated samples with a displacement of 1.08 

mm. Galfan has the second-best plastic deformation with 0.26 mm of displacement 

followed by the 0.19 Ge with 0.22 mm. The displacement of Galv Zn is four or more 

times greater compared to Galfan and 0 Ge. Among the ZMA- Ge samples, all four 

alloys demonstrated similar plastic deformation with 0.19 Ge gaining 0.02 mm more 

displacement compared to 0.87 Ge and 1.8 Ge. 

4.5 Discussion: 

The change in hardness of different alloys present in Table 4.1 and 4.2 can be 

explained by solid solution strengthening and grain- boundary strengthening theory. 

As shown in Table 4.1, the microhardness (HV) of the Galv Zn increased with the 

addition of 1.6 wt. % of Mg and Al (ZMA- 0 Ge) from 51.60 to 88.03. The addition 

of Mg and Al leads to the formation of eutectic phases; binary (Zn and MgZn2) and 

ternary (Zn, MgZn2 and Al) around the Zn phase (Figure 3.1). These eutectic phases 

behave as holding points and obstruct dislocation movement [138]. Therefore, more 

energy is required for dislocations to move to the adjacent phase and consequently 

disrupting the dislocation movement in a continuous slip plane. 



89 
 

The addition of 1.6 wt.% Mg & 1.6 wt.% Al (ZMA-0 Ge) has also increased the 

nano hardness from 1.34 GPa of Galv Zn to 1.96 GPa for the Zn phase of ZMA - 0 

Ge. Though limited there is some dissolution of Mg and Al into zinc matrix. The 

solubility of Mg and Al zinc are presented in Table 4.5 [139], [140]. The Mg and Al 

atoms present within the crystalline lattices of the Zn phase of ZMA - 0 Ge interrupt 

the regularity of the crystal lattice. The movement of the dislocations is interrupted 

or prevented by these irregularities and therefore requires higher stress or thermal 

energy to overcome irregularities consequently increasing the hardness. 

Table 4.5: Solubility of magnesium and aluminium in zinc matrix. 

Temperature oC Mg, wt.% 

364 0.1 

 Al, at.% 

RT  0.07 

 

The microhardness of the ZMA- Ge alloys decreased as the Ge addition increased 

(Table 4.1). This softening can be explained due to the changes in the microstructure. 

Due to the high affinity of Ge to Mg, the addition of Ge has led to the formation of 

the Mg2Ge phase (Figure 3.2).  As the addition of Ge increases the area of eutectic 

phases which consists of intermetallic MgZn2 decreases (Table 4.1). Hence, 

contributing to the microhardness softening. 

The addition of Ge to ZMA alloy has indicated the improvement of the formability 

as a decrease in the hardness was observed during the Vicker Hardness test, however, 

in contrast, SPT tests demonstrated a decrease in the plastic deformation thus the 

formability. The improvement observed during the Vicker Hardness test could be 

due to the decrease in area % of the brittle eutectic phase with an increase in Ge 

concentration and also on average indents hits more of Zn matrix per unit area. 

However, SPT tests showed a reduction in formability and it could be due to the 

substitution of intermetallic MgZn2 by another intermetallic Mg2Ge which could 

potentially act as crack nucleators during the SPT test. Furthermore, even in ZMA -

1.8 Ge, the eutectic phase is not entirely substituted and some eutectic phase is still 

present. This presence of the residual eutectic phase could have a significant impact 

on the alloy plasticity as cracks could initiate and propagate off them. 
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4.6 Conclusion: 

Combination of miniature testing techniques; the Vicker Hardness test, Nano-

indentation technique and Small Punch tensile test are used to investigate the 

mechanical properties of ZMA-Ge alloys, Galv Zn and Galfan. Among the 

commercially available hot-dip galvanising metallic coatings, ZMA - 0 Ge has the 

highest Vicker hardness value. The addition of Ge has led to a reduction in the 

hardness. The hardness of ZMA - Ge alloys reduced with an increase in the Ge addition 

with ZMA - 1.8 Ge displaying 18.78 % reduction in hardness compared to ZMA - 0 

Ge.  

In ZMA - 0 Ge, a significant difference was observed between the nano hardness of 

the Zn phase and eutectic phase, the eutectic phase is 2.3 times harder compared to the 

Zn phase. The addition of 1.8 wt. % Ge has decreased the hardness of the Zn phase of 

ZMA - 0 Ge by 31.63 %.  

The addition of Ge into ZMA alloys has led to the reduction in plastic deformation and 

the strength of ZMA-Ge alloys. 1.8 wt. % of Ge addition decreased the plastic 

deformation and maximum force of ZMA-0 Ge alloy by 32.14 % and 22.31 % 

respectively. 

 

 

 

 

 

 

 

 

 



91 
 

Chapter 5 Use of Mg2Si particles as corrosion inhibitors 

5.1 Introduction 

In Chapter 3, the effect of germanium (Ge) additions in terms of microstructure and 

corrosion resistance of ZMA alloy was investigated. Mg2Ge phase formed within the 

microstructure of ZMA due to Ge addition corroded preferentially to zinc phase 

consequently enhancing the overall corrosion resistance of ZMA alloy. It was 

suggested that Mg2Ge behaves as a magnesium (Mg) reservoir and therefore there is 

a potential that the Mg2Ge could be integrated into metallic coatings as inhibitors. 

Previous investigations have revealed that the addition of silicon (Si) to Zn-6Al-3Mg 

[141], the addition of magnesium (Mg) to Al-Zn-Si [142] and the addition of zinc 

(Zn) and Mg together to Al-Si leads to the formation of intermetallic Mg2Si phase. 

Corrosion experiments on these materials have proven to provide improved corrosion 

resistance. This improvement in corrosion resistance was attributed to the selective 

leaching of Mg from Mg2Si protecting the surrounding matrix [143]. 

Therefore here, in this study, Mg2Si particles are embedded into a zinc-rich powder-

based galvanising system (ZINGA Zinc / Zn) as a source of Mg. This approach was 

adopted rather than the addition of Si to molten ZMA or Mg2Si to molten Zn/Zn-Al 

in order to prevent Mg from taking part in the solidification process and avoiding the 

formation of Zn/Mg intermetallic such as MgZn2 or Mg2Zn11. The effects of Mg2Si 

particles were investigated using a combination of techniques. Scanning Vibrating 

Electrode Technique (SVET) was utilised to resolve corrosion features and evaluate 

relative corrosion performance and Time-lapse Microscopy (TLM) was used to 

understand the aqueous in-situ corrosion mechanism. The investigation was 

supported by open-circuit potential measurements. Additionally, the corrosion driven 

cathodic delamination of the zinc-rich powder-based galvanising system and the 

effect of Mg2Si on cathodic delamination (CD) is also investigated with the help of 

Scanning Kelvin Probe (SKP). Investigations on zinc alloys with magnesium 

additions have demonstrated to profoundly diminish the CD rate [144], [145]. The 

Mg-rich Zn surfaces stop the CD by lowering the potential of the organic coated 

metal to a value similar to that of the bare metal in the defect region. 
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5.2 Sample production: 

Low carbon steel substrate 0.8 mm in thickness obtained from TATA Steel UK was 

cut into 2 cm x 2 cm and 5 cm x 5 cm coupons. The coupons were ground to a 

European grade P80 finish using abrasive silicon carbide (SiC) paper followed by 

cleaning with ethanol and deionised water. The prepared coupon surface was sprayed 

by ZINGA Zinc (Zn) and dried for a half-hour, Mg2Si particles obtained from 

Sigma-Aldrich were manually sprayed on a semi-solid ZINGA layer then another 

layer of ZINGA Zinc was sprayed on top. The coupons were then allowed to dry at 

room temperature. ZINGA Zinc is a Zn rich powder-based galvanising system that 

contains 96% Zinc powder in the dry film. The schematic of the sample production 

process is presented in Figure 5.1.  

 

 

Figure 5.1: Schematic representation of production process of ZINGA Zinc-Mg2Si 

samples. 

5.3 Study of the microstructure of the zinc-rich powder-based 

galvanising system 

SEM image along with EDS analysis of the ZINGA Zinc (Zn) is displayed in Figure 

5.2. The image clearly shows distinct zinc particles held together by a binder.  The 

EDS analysis showed ZINGA Zn contains 99.23 wt.% Zn. According to the 
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manufacturer [146], ZINGA Zn is made up of zinc powder, aromatic hydrocarbons 

and binder. 

 

Figure 5.2: SEM image with EDS analysis of the zinc-rich powder-based galvanising 

system. 

 An SEM image of Zn + Mg2Si is presented in Figure 5.3. The microstructure of Zn 

+ Mg2Si consists of Mg2Si particles entrapped in between zinc particles. 

 

Figure 5.3: SEM image of Mg2Si particles embedded in the zinc-rich powder-based 

galvanising system(Zinga Zn). 
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Figure 5.4: SEM images and colour maps for EDS elemental analysis for Zn-

Mg2Si.(a) SEM image of Zn-Mg2Si surface (b) Distribution of Zn (c) Distribution of 

Mg (d) Distribution of Si.  

The distribution of elements within Zn + Mg2Si was identified using Energy 

Dispersive X-Ray Spectroscopy (EDS). Colour maps identifying the elements zinc 

(Zn), magnesium (Mg) and silicon (Si) were produced using SEM/EDS software and 

is presented in Figure 5.4 (b-d). The EDS analysis (Figure 5.4) confirms that the 

discrete particles surrounded and entrapped within the Zn particles matrix as Mg2Si. 

5.4 Investigation of corrosion behaviour using Scanning Vibrating 

Electrode Technique (SVET) 

The SVET was used to investigate the corrosion of Zn and Zn + Mg2Si samples 

surface over 24 hours in pH 7 0.17 M NaCl solution, as described fully in section 

2.4.  The resulting surface normal current density maps have been plotted, also the 

estimated metal loss over 24 hours was calculated. As Zn is the predominant element 

in both samples, Zn was selected during the metal loss calculations. During the 

corrosion of Zn + Mg2Si, both Zn (Zn2+)  and Mg (Mg2+) are likely to participate and 

it is difficult to predict the contribution of individual species for metal loss. However, 

due to the identical charge associated with each ion the relative metal loss value 

would be directly comparable across the specimens irrespective of the element 

selected. The SVET derived metal loss in this investigation is used to compare the 
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relative corrosion performance among samples, the metal loss does not represent an 

exact metal loss for a 24-hour experiment period. Besides metal loss, SVET data 

could be used to plot normal current density maps which provide a visual 

representation of the location and intensity of anodic and cathodic activities as 

recorded by the SVET probe. Red and blue colours are indicative of anodic and 

cathodic activities respectively. The average surface area percentage of  Mg2Si 

present in the Zinga Zn surface used during the SVET experiments was 3.35 ± 1.62. 

The errors shown are based on the standard deviation of measurements of the three 

samples used during this investigation. 

Figure 5.5 shows the normal current densities measured above the surface of the Zn 

and Zn + Mg2Si samples freely corroding in pH 7 0.17 mol.dm-3 NaCl for 6 hours, 

12 hours, 18 hours and 24 hours. In both the samples, the corrosion is localized in 

nature and multiple point anodes are well established by 6 hours of immersion. The 

intensity and radius of these focal anodes grow and diminish with time. However, for 

both samples, the overall anodic and cathodic activities remain constant between 6-

24 hours. Peak anodic current densities of approximately 6 A.m-2 are recorded.  

Figure 5.6 represents the normal current densities measured above the surface of the 

Zn and Zn + Mg2Si freely corroding in pH 7 0.17 mol.dm-3 NaCl for 1 minute, 1 

hour, 2 hours and 3 hours. A significant difference in the SVET measured normal 

current densities is observed between Zn and Zn + Mg2Si. Peak anodic current 

densities of approximately 100 A.m-2 and 6 A.m-2 are recorded for Zn and Zn + 

Mg2Si respectively. In the case of Zn, focal anodic sites are established from the 

onset and the intensity of anodes diminishes with time, however, in the case of Zn + 

Mg2Si the anode are of lower intensity compared to Zn and the anodic and cathodic 

activities remain constant throughout. 

Figure 5.7(a) shows an optical image of the Zn + Mg2Si surface and Figure 5.7 (b-h) 

represents the normal current densities measured above the surface of the Zn + 

Mg2Si freely corroding in pH 7 0.17 mol.dm-3 NaCl for up to 3 hours measured at an 

interval of 30 minutes. The corrosion is highly localised and intense anodic activities 

are recorded from the onset of the experiment (Figure 5.7 (b)). The peak anodic 

current densities of approximately 3 A.m-2 are recorded. The anodes observed 

immediately on immersion coincide exactly with the location of the Mg2Si 
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agglomerates. Hence, Mg2Si particles act as the sites of anodic activities and 

sacrificially to the remainder of the Zn surface. With time the anodic 

activities/current emerging from the Mg2Si agglomerates decreases as a result of 

progressive dealloying of the Mg2Si. This selective attack of Mg2Si  and release of 

Mg2+ ions will probably provide some inhibition of corrosion. 

 

Figure 5.5: SVET false colour maps representing normal current density measured 

above Zn and Zn + Mg2Si immersed in pH 7 0.17 M NaCl. 
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Figure 5.6: SVET false colour maps representing normal current density measured 

above Zn and Zn + Mg2Si immersed in pH 7 0.17 M NaCl for up to 3 hours. 
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Figure 5.7: SVET false colour maps representing normal current density measured 

above Zn + Mg2Si immersed in pH 7 0.17 M NaCl for up to 3 hours;(a) Zn + Mg2Si 

sample surface (b) 1min (c) 30 minutes (d) 1hour (e) 1.5 hours (f) 2 hours (g) 2.5 

hours (h) 3 hours. 
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The SVET derived metal loss for both Zn and Zn + Mg2Si after immersion on pH 7 

0.17 M NaCl for 24 hours are shown in Table 5.1. The errors shown are based on the 

standard deviation of three measurements. The derived metal loss for Zn + Mg2Si is 

6.86 g.m-2 compared to 23.60 g.m-2 for Zn. The addition of Mg2Si particles exhibited 

a decrease in the measured metal loss by 70 % compared to that of Zn. Therefore, 

suggest a pronounced increase in corrosion performance of Zn + Mg2Si compared to 

Zn. 

The SVET derived hourly metal loss (average of three measurements) as a function 

of time for both Zn and Zn + Mg2Si during immersion on pH 7 0.17 M NaCl for 24 

hours are shown in Figure 5.8. For the first three hours, there is a significant 

difference in the metal loss between the two different samples similar to the SVET 

measured normal current densities observed in Figure 5.6. Zn exhibits at least three 

times more metal loss compared to Zn + Mg2Si. However, from the fourth hour 

onwards the metal losses for both Zn and Zn + Mg2Si are similar and to some extent 

identical up till the 16th hour. For Zn, the initial scan i.e 1 minute (beginning of the 

experiment),1 Hr, 2 Hr and 3 Hr metal loss is 7.20 g.m-2, 5.23 g.m-2, 2.52 g.m-2 and 

2.44 g.m-2 respectively. Thereafter the hourly metal loss is ~ 0.30 gm-2 throughout 

the experiment. The increased corrosion activity observed at the initial hours (0-3 

hrs) of the experiment for Zn is not observed for Zn + Mg2Si. The hourly metal loss 

of Zn + Mg2Si is constant ~ 0.30 g.m-2 throughout the experiment period.  

 

Figure 5.8: SVET derived hourly metal loss as a function of time for Zn and Zn + 

Mg2Si after immersion in pH 7 0.17 M NaCl solution for 24 hours. 
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Table 5.1: SVET derived metal loss for Zn and Zn + Mg2Si after immersion in pH 7 

0.17 M NaCl for 24 hours 

Sample Metal loss (g.m-2) 

Zn 23.60 ± 4.56 

Zn + Mg
2
Si 6.86 ± 0.51 

 

5.5 Electrochemical Measurements 

Figure 5.9 shows the open circuit potential (OCP) of the Zn and Zn + Mg2Si 

immersed in pH 0.17 mol.dm-3 NaCl over 24 hour time period. In both cases, the 

initial potential is approximately -1.01 V vs SCE after which a shift to more negative 

potential is observed. The shift to negative potential is larger in Zn compared to Zn + 

Mg2Si before stabilisation and the Zn + Mg2Si consistently displays a more noble 

potential than Zn. The results exhibit both samples obtain some degree of 

stabilisation with time. However, Zn + Mg2Si takes longer (~ 8 hours) compared to 

Zn (~ 4 hours). Zn stabilises at  ~ -1.055 V vs SCE compared to ~ -1.05 V vs SCE 

for Zn + Mg2Si. 

 

Figure 5.9: The time-dependent OCP for Zn and Zn + Mg2Si immersed in pH 7 

0.17 M NaCl for 24 hours. 
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5.6 Study of  corrosion mechanism using Time-lapse microscopy 

(TLM) 

The enhanced corrosion resistance provided by Zn + Mg2Si observed during SVET 

experiments was further examined using TLM. TLM allows for the acquisition of 

microstructural corrosion mechanism information with respect to time. Figure 5.10 

shows optical microscope images of the surfaces of Zn and Zn + Mg2Si after various 

times of immersion in pH 7 0.17 M NaCl. The big dark blob present in the middle of 

the images for the Zn + Mg2Si (Figure 5.10 (e-f)) is the Mg2Si particle. The figure 

features the images captured at 2 minutes, 2 hours, 4 hours and 6 hours. It can be 

observed that in both cases multiple anodes initiates from the onset (see video V5 for 

Zn and V6 for Zn + Mg2Si). As described in section 5.3 both the samples consist of 

numerous zinc particles held together by the binder. In both cases, in the early stage 

of the experiments, numerous anodes initiate and develop corrosion products are 

deposited at the edges of the exposed surfaces. In contrast, corrosion products were 

precipitated above the corroding area during the latter stage which becomes thicker 

with time. The 6 hours optical images of Zn and Zn + Mg2Si presented in Figure 5.10 

indicates some improvement in corrosion resistance of Zn + Mg2Si compared to Zn 

due to the relatively fewer amount of corrosion products present above the corroding 

surfaces. 

In order to investigate the effect of the addition of Mg2Si particles into Zn, the 

corrosion of Mg2Si particles within the Zn matrix was studied by completing EDS 

analysis prior to and following the immersion in pH 7 0.17M NaCl solution for 1.5 

hours. Figure 5.11(a) presents an SEM image with EDS analysis of Mg2Si prior to 

immersion in NaCl. The weight percentage of Mg, calculated using EDS is 61.11 wt. 

%. Figure 5.11(b) reveals the Mg content of the same Mg2Si has dropped to 41.05 

wt. % after 1.5 hours of immersion. This suggests that Mg2+ is preferentially released 

from these particles during the first hours of corrosion. 

The effect of dissolution of Mg was further investigated by dosing the NaCl solution 

with 1 wt. % phenolphthalein. Phenolphthalein is an indicator that is colourless at pH 

values below pH 8 whereas turns pink above pH 8. Figure 5.12 and Figure 5.13 

shows the TLM images of Zn and Zn + Mg2Si surfaces respectively immersed in pH 

7 0.17 M NaCl solution dosed with 1 wt. % phenolphthalein. Both the figures 

contains images at time intervals of 30 minutes between images until 4 hours because 
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on SVET metal loss experiments, it is the first four hours where a significant 

difference in hourly metal loss between the samples was observed as described in 

section 5.4. 

In contrast to ZMA-0 Ge (Chapter 3, Figure 3.10) where the establishment of pH 

gradient (pH > 8 surrounding the cathodic sites and pH < 8 surrounding the anodic 

sites) was observed here for Zn (Figure 5.12 and Video V7), no such establishment 

of pH gradient is observed. This could be due to the establishment of multiple anodes 

all over the exposed surface. As the Zn2+ metal cations are released into the 

electrolyte, the hydrolysis of Zn2+ results in local acidification [133] and the absence 

of a large cathodic area where the production of OH- occurs prohibits the formation 

of potential gradient as seen on ZMA-0 Ge (Figure 3.10). 

In the case of Zn + Mg2Si (Figure 5.13 and Video V8), the colourless electrolyte on 

onset turns pink across the entire exposed surface after 30 minutes (Figure 5.13(a)) 

indicating a pH value greater than 8. This high pH is maintained until 4 hours (Figure 

5.13(h)). However, with time the pink colour of the electrolyte fades away. This 

phenomenon is well captured in Video V8.  

The increase in pH is likely due to the preferential release of Mg2+ metal cations 

from Mg2Si particles due to galvanic effects. Mg2+ cations will not readily hydrolyse 

in contrast to Zn2+ metal cations and the subsequent production of OH- due to 

cathodic activities leads to an increase in pH in the early hours of the experiment 

where galvanic protection of Zn is offered. Although there is also the release of Zn2+ 

metal cations the local acidification due to hydrolysis of Zn2+is not visible. This 

might be as the amount of Mg2+ metal cations present in the electrolyte is 

significantly higher in comparison to Zn2+ metal cations.  

In video V8, it is also observed that the increase and decrease of pH of the electrolyte 

are periodic (flashing effect). This effect could be due to the shift/change in the 

location of the active anodic site.  
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Figure 5.10: Optical microscope images of Zn and Zn + Mg2Si surface taken in situ 

under immersion in pH 7 0.17 M NaCl. 
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Figure 5.11: SEM image of Zn + Mg2Si surface with EDS analysis of an individual 

Mg2Si particle obtained (a) prior to and (b) after 1.5 hours of immersion in pH 7 

0.17 M NaCl. 
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Figure 5.12: Optical microscope image of Zn surface after (a) 30 minutes (b) 1 hour 

(c) 1.5 hours (d) 2 hours (e) 2.5 hours (f) 3 hours(g) 3.5 hours (h) 4 hours  

immersion in pH 7 0.17 M NaCl in the presence of phenolphthalein indicator.  
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Figure 5.13: Optical microscope image of Zn + Mg2Si surface after (a) 30 minutes 

(b) 1 hour (c) 1.5 hours (d) 2 hours (e) 2.5 hours (f) 3 hours(g) 3.5 hours (h) 4 hours  

immersion in pH 7 0.17 M NaCl in the presence of phenolphthalein indicator.  
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5.7 Discussion – Aqueous corrosion mechanism 

SVET investigations suggested significant improvement in corrosion resistance for 

Zn + Mg2Si compared to Zn. It is rational to suggest that the improved resistance 

offered is due to the presence of Mg2Si particles. When Zn + Mg2Si surface is 

exposed to a corrosive electrolyte, although initiation of anodic features in Zn was 

observed in TLM (Figure 5.10 and Video V6), Mg2Si particles offer a degree of 

galvanic protection to the surrounding Zn and undergo preferential anodic de-

alloying (Figure 5.11) by loss of  Mg2+, leaving behind a surface enriched in silicon 

(Si). This phenomenon is also supported by SVET investigation (Figure 5.8) where 

the Mg2Si particles act as the site of anodic activities, consequently releasing  Mg2+ 

into the electrolyte. Hence, Mg2Si act as a reservoir of Mg2+ ions. These initial 

releases of Mg2+ ions enable the pH to rise above 8 as demonstrated in Figure 5.13 as 

Mg2+ ions will not hydrolyse. This rise in pH will encourage the precipitation of 

Mg(OH)2 [147] and also stabilise pre-existing Zinc oxide/hydroxides on the samples’ 

surface. The formation of Mg(OH)2 is highly likely because Mg(OH)2 is formed at 

pH 10 [147]. Hence the combination of galvanic protection offered by Mg2Si and 

stabilised oxide/hydroxides reduces the rate of Zn loss during the initial hours until 

the reservoir of Mg2+ is exhausted from the Mg2Si crystals. At this point, the 

corrosion rate becomes similar for both systems as demonstrated by the SVET data. 
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5.8 Inhibition of cathodic delamination by Mg2Si 

Corrosion driven cathodic delamination (CD) is a major failure mechanism in 

organically coated, lacquered and painted metal substrates where the intact coating is 

physically detached from the substrate [148]. Defects such as cut edges or scratches 

exposing the metallic surface act as the initiation site for CD. The cathodic oxygen 

reduction reaction which occurs at the delamination front is connected to the anodic 

metal dissolution occurring at the defect via a thin film of electrolyte ingressed 

beneath the coating completing the CD cell [145].  Studies have indicated that 

galvanised zinc surfaces finished with a top coat (paint, lacquer) exposed to 

electrolyte through penetrative defects are susceptible to CD, therefore it is of 

particular interest [92], [96], [149].  

SVET investigation in section 5.4 has suggested a significant improvement in 

aqueous corrosion for coatings of Zn + Mg2Si. Here, the effect of Mg2Si particles on 

corrosion driven cathodic delamination is investigated. The comparison of Zn and Zn 

+ Mg2Si is conducted to help elucidate and evaluate the corrosion inhibiting 

properties of Mg2Si particles. Using the same methodology found in section 2.6.4, a 

“Stratmann type” experiment was utilised in conjunction with a Scanning Kelvin 

probe (SKP) to measure the corrosion-driven unpigmented PVB coating 

delamination on Zn and Zn + Mg2Si. Two different Zn + Mg2Si samples with 

relatively lower and higher amounts of Mg2Si were investigated. A relatively lower 

amount of Mg2Si particles is denoted as Zn + Mg2Si(L) and a relatively higher 

amount of Mg2Si particles is denoted as Zn + Mg2Si(H). The samples used for the 

SKP experiments are presented in Figure 5.14. The surface area fractions of Mg2Si 

present on  Zn, Zn + Mg2Si(L) and Zn + Mg2Si(H) samples present in Figure 5.14 

used during SKP experiments are presented in Table 5.2. 
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Figure 5.14: Photographs of samples used for SKP experiments a) Zn b) Zn + 

Mg2Si(L) c) Zn + Mg2Si(H). 

Table 5.2: Surface area percentage of Mg2Si 

Sample Surface area percentage of  Mg2Si  

Zn 0.00 

Zn + Mg2Si(L) 0.96 

Zn + Mg2Si(H) 14.5 

 

An experiment was carried out using an unpigmented PVB coating applied to the Zn 

surface to establish the baseline kinetics of organic coating disbondment and also to 

determine the characteristics of the delamination cell. Figure 5.15 presents the 

potential measured by the SKP gold reference probe converted to Ecorr vs SHE 

plotted against the delamination of coated PVB layer for Zn. For Zn, the intact 

potential (Eintact) which corresponds to a “passive state” was measured as ~ -50 mV 

vs SHE. When the corrosive electrolyte was introduced into the defect the PVB 

coating delamination was initiated well before the first-hour scan and was well 

established by 60 minutes as shown in Figure 5.15. ~ 6 mm of delamination was 

measured at 1 hour and ~ 12 mm delamination was measured by 2 hours. This rapid 

rate of delamination could be due to the poor adhesion between the PVB layer and 

the Zn surface. A sharp potential drop then a gradual drop in potential connects the 

delamination front adjoining to the intact region to the coating defect. A potential of 

~ -750 mV was recorded for the defect.  
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Figure 5.15: SKP scans for Zn coated with PVB shown commercing after 1 hour and 

shown thereafter at 1-hour intervals. 12 mm of delamination is measured after 2 

hours. 

It has been postulated elsewhere [95], [96], [144] that during CD on zinc, the anodic 

dissolution of zinc occurs at the defect region via equation 5.1 and reduction of 

oxygen occurs via equation 5.2 at the delamination front. 

Zn → Zn2+ + 2e-                     [5.1] 

O2 + 2H2O + 4e- →  4OH-                 [5.2] 

The potential at the intact region (Eintact) is relatively higher because anodic zinc 

dissolution is disfavoured in the absence of the electrolyte. On the contrary, in the 

near defect region potentials (Ecorr) thidrop to values equivalent to freely corroding 

zinc. The net anode at the coating defect is connected to the cathodic site at the 

delamination front via the ionic current flux passing through the thin layer of 

electrolyte which ingresses beneath the delaminated coating. The sharp potential 

drop at the delamination front is thought to occur due to ingress of  Na+ and loss of 

adhesion of PVB coating caused by the oxygen reduction [144]. The approximately 

linear potential gradient linking the defect and delamination front occurs due to the 

finite ionic conductivity of the under film electrolyte layer. The difference in 
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potential of the intact region and the defect i.e Eintact - Ecorr signifies the magnitude of 

the polarity of the delamination cell. This polarity of the delamination cell is 

considered a driving force for CD [144]. The polarity of the delamination cell of Zn 

in the present case is ~ -700 mV. 

Having established the characteristics of delamination on Zn, further experiments 

were conducted in presence of Mg2Si. Figure 5.16 and Figure 5.17 presents the Ecorr 

vs SHE plotted against the delamination of coated PVB layer for Zn + Mg2Si(L) and 

Zn + Mg2Si(H)  respectively. For both Zn + Mg2Si samples (Figure 5.16 and 5.17), 

the addition of Mg2Si produced a decrease in Eintact compared to Zn from ~ -50mV to 

~ -200mV vs SHE. Likewise, Ecorr at the defect has also demonstrated a similar effect 

and indicated that the amount of Mg2Si affects defect potential. Ecorr of ~ -800mV 

and ~ -850 mV was recorded for Zn + Mg2Si(L) and Zn + Mg2Si(H)  respectively.  

Sudden drops in the measured potential to ~ -300 mV at certain sections (Figure 

5.17) was observed for Eintact, this sudden drop in potential could be due to the 

presence of Mg2Si particles. In Figure 5.17, it is also observed that the Eintact 

increases with time. In literature, Eintact indicates the open circuit potential of the 

oxide-covered metal surface and is influenced by the oxide interaction with the 

oxygen and/or Brosted acid-base interactions occurring between the polymer coating 

and the oxide [92], [150], [151]. Therefore, the time-dependent evolution of Eintact 

seen in Figure 5.17 could be the time taken for the electrochemical reaction 

occurring at the Zn + Mg2Si - PVB coating interface to reach a steady state.  

In the case of Zn + Mg2Si(L), the Ecorr vs delamination profiles obtained (Figure 

5.16) in comparison to Zn (Figure 5.15) demonstrate improvement in the inhibition 

of corrosion driven cathodic delamination with the addition of Mg2Si. In comparison 

to Zn, the delamination has reduced from ~6 mm to ~3 mm at 1 hour. 12 mm 

delamination is measured at 4 hours compared to 2 hours for Zn. Therefore, the 

presence of Mg2Si particles indicates the improvement in the inhibition of corrosion 

driven cathodic delamination by reducing the rate of delamination by half. 
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Figure 5.16: SKP scans for Zn + Mg2Si(H) coated with PVB shown commercing 

after 1 hour and shown thereafter at 1-hour intervals. ~12 mm of delamination is 

measured after 4 hours. 

In the case of Zn + Mg2Si(H), the Ecorr vs delamination profiles obtained (Figure 

5.17) were found to become significantly modified in comparison to Zn (Figure 5.15) 

and Zn + Mg2Si(L) (Figure 5.16). The initiation of delamination was delayed by ~ 4 

hours. The time-dependent Ecorr vs delamination distance (X) from the defect edge 

was well established by ~4 hours as shown in Figure 5.17. Delamination of 12 mm 

was delayed significantly and was measured after 16 hours. The addition of 

additional Mg2Si particles indicates the further improvement in the inhibition of 

corrosion driven cathodic delamination by delaying the delamination initiation as 

well as reducing the rate of delamination (Figure 5.17). Also, the polarity of the 

delamination cells of Zn + Mg2Si(L) and Zn + Mg2Si(H) has fallen to ~ 600 mV and 

~ 650 mV respectively from ~700 mV for Zn. 

Delamination as a function of time after initiation using a 0.86 M NaCl electrolyte 

for Zn, Zn + Mg2Si(L) and Zn + Mg2Si(H) is presented in Figure 5.18. The figure 

represents the rate of delamination of all three samples investigated. It demonstrates 

the rate of delamination being diminished with the increase in the amount of Mg2Si. 

Usually, PVB coated Zn surfaces demonstrate parabolic delamination kinetics [92]. 
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The plot of delamination vs time for  Zn + Mg2Si(H) (Figure 5.18) also suggests that 

the rate of delamination slows with time hence suggesting normal parabolic kinetics. 

However, of Zn and Zn + Mg2Si(L) the rate of delamination is simply too rapid to 

observe the subtle differences in kinetics. 

 

Figure 5.17: SKP scans for Zn + Mg2Si(H) coated with PVB shown commercing 

after 2 hours and shown thereafter at 2-hour intervals. ~11 mm of delamination is 

measured after 14 hours. 

 

Figure 5.18: Delamination as a function of time for Zn and Zn+Mg2Si samples after 

initiation using a 0.86 M NaCl electrolyte. 
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5.9 Discussion – delamination mechanism 

Numerous investigations have suggested that delamination in hot-dip galvanised 

steel and PVD Zn proceeded via the establishment of a “delamination cell” and is 

controlled by under-film mass transport/migration of cations (Na+) from the defect 

site to the delamination front [53], [144]. The precise mechanism by which the 

delamination on Zn occurs is difficult to suggest however number of mechanisms are 

suggested in the literature which could be occurring alone or concurrently [148]. 

The initial possible mechanism for PVB disbondment on Zn could be the dissolution 

of the preexisting zinc oxide layer formed at the coating-substrate interface. The 

cathodic oxygen reduction reaction occurring at the delamination front creates a 

favourable environment for zinc oxide dissolution as it is strong amphoteric oxide 

and dissolves at a moderately high pH [148]. The possibility of an alkaline 

electrolyte physically displacing the coating from the substrate also exists [148]. In 

addition, the degradation of the coating due to the hydrolysis of the coating itself i.e 

the break down in covalent chemical bonds within the coating due to high alkaline 

condition [148] and the presence of short-lived intermediates of O2 reduction such as 

O2
−•

, HO2
• , H2O2, HO2

− and HO• [148]. One or a combination of various mechanisms 

mentioned have resulted in the delamination of ZINGA Zn. 

Figure 5.14 demonstrates that the surface of Mg2Si samples is much rougher 

compared to the Zn sample due to the presence of Mg2Si particles. These Mg2Si 

particles increase the tortuosity of the substrate-coating interface as a result hinds the 

flow of Na+ cations subsequently decreasing the delamination rate and it has been 

postulated elsewhere [152].  
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5.10 Conclusion: 

A systematic study into the effect of Mg2Si additions on the corrosion resistance of 

the zinc-rich powder-based galvanising system (Zn) has been conducted. SVET 

derived metal loss was reduced by 70 % with the addition of Mg2Si particles. Mg2Si 

particles preferentially anodically dissolved galvanically protecting the Zn surface.  

An in-situ time-lapse microscopy technique has been used to investigate the aqueous 

corrosion mechanism of Zn and Zn + Mg2Si. The technique, along with SEM-EDS, 

helped to support the initial dissolution of Mg2+ ions from the Mg2Si particles. For 

Zn + Mg2Si, the entire electrolyte above the exposed surface was above pH 8 due to 

the initial flush of Mg2+ and their low tendency for hydrolysis ions during the early 

hours of exposure. The formation of  Magnesium hydroxide and passivation of Zn 

surfaces due to high pH consequently reduce the rate of aqueous corrosion.  

The rate of corrosion driven cathodic delamination reduced with the increase in 

Mg2Si particles present on the Zn surface. The Mg2Si particles improved the 

corrosion driven cathodic delamination by delaying the delamination initiation time 

as well as reducing the rate of delamination. 
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Chapter 6 Study of effects of Calcium and phosphate on the 

corrosion behaviour of Zinc alloy 

6.1 Introduction 

Combinations of a metallic and organic coating (duplex coating system) are widely 

adopted in the engineering industries to protect the underlying steel substrate. The 

metallic coating which provides sacrificial protection is over-coated with organic 

layers which act as a barrier between the metallic coating and the environment. The 

duplex coating system provides better protection compared to metallic or organic 

coating individually [31]. Zinc and its alloys applied via galvanisation are 

predominately used as a metallic coating on steel followed by an organic layer. The 

organic layer consists of pretreatment, primer and topcoat. The corrosion inhibitors 

are usually embedded in the primer layer in the form of pigments which provide 

further electrochemical protection to the steel. The inhibitors operate by releasing 

ionic species consequently altering the local electrolytic conditions. These ionic 

species can produce insulating films either at anodic or cathodic sites by precipitation 

or by involvement in the electrochemical process [153]. 

Traditionally for hot-dip galvanised systems Chromium-based hexavalent (Cr(VI)) 

CrO4
2- or Cr2O7 have proven to be very effective due to the presence of Cr6+ ions. 

Nevertheless, it has been discontinued due to its toxicity and carcinogenicity towards 

human health and the natural environment [154]–[157]. Therefore, there is a 

necessity for equally effective as well as safe and eco-friendly inhibitors. As a result, 

it is an area of research interest. One probable alternative to chromates is phosphates 

compounds. Typically in the presence of oxygen, phosphates behave as an anodic 

inhibitor [31], [32], [153], [158], [159] however under the certain condition such as 

in presence of divalent metal ions, Ca2+,  phosphates may also act as cathodic 

inhibitors by forming a surface film, as a result, impeding oxygen diffusion at the 

metal surface [160], [161]. 

Here, in this investigation, we aim to create an environmental friendly duplex coating 

system with a synergy between the metallic and organic layers. In order to do so Zinc 

coating (Zn) has been modified with the addition of  1 wt. % Calcium (Ca) to 

produce Zn-1Ca alloy. Phosphate in the form of Sodium phosphate has been selected 

as a corrosion inhibitor because of its relevance as phosphates have been 
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incorporated in industry. The effects of alloying Zn with Ca in terms of 

microstructural and electrochemical properties along with the effects of phosphate 

addition to electrochemical properties of Zn and Zn-1Ca were investigated using a 

combination of techniques. Scanning Vibrating Electrode Technique (SVET) was 

utilised to resolve corrosion features and evaluate relative corrosion performance and 

Time-lapse Microscopy (TLM) was used to understand the aqueous in-situ corrosion 

mechanism. The investigation was supported by open-circuit potential, 

potentiodynamic and linear polarization resistance measurements. 

6.2 Sample production 

The production of Zn and Zn-1Ca samples were completed using MTI Corporation 

manufactured KSL-1100X-SV compact crucible melting furnace. Zn pieces provided 

by TATA Steel and Calcium pieces bought from Sigma Aldrich were heated to 

600oC in a crucible. After stirring the melt it was further heated to 850oC. The melt 

was then cooled to 600oC within the crucible and then splat cast onto a copper plate. 

The temperature was measured using the inbuilt temperature controller with +/- 1oC 

accuracy. 

6.3 Microstructural analysis of Zn-1Ca  

The target composition of the produced samples under investigation are presented in 

Table 6.1. The Zn alloy (Zn) is composed of 99.80 wt.% of Zn and 0.20 wt.% of 

Aluminium (Al). The Zn-1Ca is composed of 98.80 wt.% of Zn, 1 wt.% of Ca and 

0.20 wt.% of Aluminium (Al). There is a slight decrease in wt % of Zn for Zn-1Ca 

alloy from 99.80 to 98.80 wt .% compared to Zn alloy. 

Table 6.1: Compositions in wt.% of the Zn and Zn-Ca alloys 

Sample Zn (wt.%) Ca (wt.%) Al (wt.%) 

Zn 99.80 / 0.20 

Zn-1Ca 98.80 1.00 0.20 

 

High-resolution images of Zn and Zn-1Ca alloys captured using a Scanning Electron 

Microscope (SEM) are presented in Figure 6.1. A microstructural image of  Zn-1Ca 

captured using optical light microscopy is presented in Figure 6.2. Figure 6.1 (b) and 

Figure 6.2 show the changes within the microstructure due to the addition of 1 wt.% 
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of Ca. The addition of Ca into the Zn system has led to the formation of a new phase 

within the microstructure.  

 

Figure 6.1: SEM images showing (a) Zn (b) Zn-1Ca  

 

Figure 6.2: Optical light microscope image of the microstructure of the Zn-1Ca alloy 

Energy Dispersive X-Ray Spectroscopy (EDS) was utilized to identify the 

distribution of elements within the Zn-1Ca alloy. Colour maps identifying the 

elements Zn, and Ca were produced using SEM/EDS software and is presented in 

Figure 6.3 (b-d). The EDS analysis (Figure 6.3(e)) along with the Ca-Zn phase 

diagram [162] suggests the new phases formed due to Ca additions are intermetallic 
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CaZn13. The previous investigation on the alloying of Zn with 1 wt.% of Ca has also 

demonstrated the formation of intermetallic CaZn13 [163], [164]. 

 

Figure 6.3: (a) SEM image of Zn-1Ca, (b-d) Colour maps for EDS elemental 

analysis for Zn-1Ca, (e) EDS analysis for Zn-1Ca. 



120 
 

6.4 Study of corrosion behaviour of Zn and Zn -1Ca alloys 

6.4.1 Investigation of corrosion behaviour using Scanning Vibrating Electrode 

Technique (SVET) 

The SVET was used to investigate the surface corrosion performance of Zn and Zn-

1Ca samples over 24 hours in an aerated 0.17 M NaCl pH 7 solution, as described 

fully in section 2.4. The SVET results include surface normal current density maps, 

estimated metal loss over 24 hours and average hourly estimated metal loss. Similar 

to Chapter 3 and Chapter 5 Zn being the predominant element in both the samples, 

Zn was selected during the metal loss calculations. Although during the corrosion of 

Zn-1Ca, both Zn (Zn2+)  and Ca (Ca2+) are likely to participate it is difficult to predict 

the contribution of individual species for metal loss. However, due to the identical 

charge associated with both ions type the relative metal loss value would be directly 

comparable across the samples irrespective of the element selected. The SVET 

derived metal loss in this investigation is used to compare the relative corrosion 

performance among samples however the metal loss does not represent an exact 

metal loss for the experiment period. Besides metal loss, SVET data could be used to 

plot normal current density maps which provide a visual representation of the 

location and intensity of anodic and cathodic activities as recorded by the SVET 

probe. Red and blue colours are indicative of anodic and cathodic activities 

respectively. 

The corrosion activity occurring on the surface could be represented as normal 

current density maps. Figure 6.4 shows the normal current densities measured above 

the surface of the Zn and Zn-1Ca samples freely corroding in pH 7 0.17 mol.dm-3 

NaCl for 1 hour, 6 hours, 12 hours, 18 hours and 24 hours. In both the samples, 

corrosion activities were detected immediately (1-hour scans for both Zn and Zn-

1Ca) however, a distinguished difference in corrosion mechanism is observed 

between the Zn and Zn-1Ca samples. In the Zn, multiple islands of anodes are 

established and are spread throughout the sample surface whereas for Zn-1Ca the 

exposed surface is approximately diagonally separated into the anodic and cathodic 

areas.  
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Figure 6.4: SVET false colour maps representing normal current density measured 

above Zn and Zn-1Ca immersed in pH 7 0.17 M NaCl. 
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For Zn, the intensity and size of anodes established vary with time. The anodes 

formed from the onset, grow in intensity and radially in size with time. It is also 

observed that some of the individual anodes passivate with time and new active 

anodes are formed. In the case of Zn-1Ca, on the contrary, no individual multiple 

point anodes are observed. The normal current densities contour maps suggest one 

half of the surface is acting as an anode and the other half as a cathode. However, 

with time an individual point anode is formed by 24 hours of exposure (the bottom 

right corner, Figure 6.4). It is also observed that the intensity of anodic sites for Zn-

1Ca is much lower compared to Zn. Therefore, these contour maps in Figure 6.4 

indicates that the corrosion activities occurring on the Zn-1Ca surface is lesser in 

comparison to the Zn surface throughout the experimental time consequently 

indicating better corrosion resistance. 

The SVET derived metal loss for both Zn and Zn-1Ca after immersion on pH 7 0.17 

M NaCl for 24 hours are shown in Table 6.2. The errors shown are based on the 

standard deviation of three measurements. The derived metal loss for Zn-1Ca is 4.32 

g.m-2 compared to 9.83 g.m-2 for Zn. The alloying of Zn with Ca exhibited a decrease 

in the measured metal loss by 56 % compared to that of Zn without Ca. Therefore, it 

appears that the addition of Ca has significantly improved the corrosion resistance of 

Zn-1Ca compared to Zn. 

The SVET derived hourly metal loss (average of three measurements) as a function 

of time for both Zn and Zn-1Ca during immersion on pH 7 0.17 M NaCl for 24 hours 

are presented in Figure 6.5. For both samples, the metal loss is ~ 0.10 g.m-2 for the 

initial (0 Hr) scan. For Zn, a steep increase in metal loss is observed from 0 Hr to 1 

Hr. However, from 1 Hr onwards up to 20 Hr, a gradual linear increase with a less 

steep gradient in metal loss is observed. Despite the similar hourly metal loss for Zn 

and Zn-1Ca for the initial scan, in contrast to Zn, Zn-1Ca hourly metal loss is 

comparatively constant with ~ 0.125 g.m-2 throughout. This difference in hourly 

metal loss gradient suggests Zn-1Ca endorse a greater extend of corrosion resistance 

compared to Zn throughout the 24 hours. 
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Table 6.2: SVET derived metal loss for Zn and Zn - 1Ca after immersion in pH 7 

0.17 M NaCl for 24 hours. 

Sample Metal loss (g.m-2) 

Zn 9.83 ± 0.75 

Zn - 1Ca 4.32 ± 1.67 

 

 

 

 

Figure 6.5: SVET derived hourly metal loss as a function of time for Zn and Zn-1Ca 

after immersion in pH 7 0.17 M NaCl solution for 24 hours. 
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6.4.2 Investigation of corrosion mechanism using Time-lapse Microscopy (TLM) 

The improvement in corrosion resistance and the change in the corrosion mechanism 

of Zn due to 1 wt.% of Ca addition is further investigated using TLM. The corrosion 

mechanism occurring at the microstructural level could be obtained using TLM. 

Figure 6.6 shows optical microscope images of the Zn surface at various times of 

immersion in 0.17 M NaCl pH 7. Figure 6.6 presents the images captured at 2 

minutes, 2 hours, 4 hours, 6 hours, 8 hours and 10 hours. It can be observed that an 

anode develops from the onset, concurrently darkening of the grain boundaries is 

also observed (see video V9). The anode grew in size preferentially via the grain 

boundaries (see video V9). As an anode grew in size, corrosion products are 

precipitated in a form of a semi-circle/ring at the periphery, a certain distance away 

from the anode. It has been suggested this ring indicates the boundary between ionic 

counter currents where the metal ions produced at the anode and hydroxide ions 

produced at the cathode encounter each other [32]. The corrosion product ring 

thickened and was observed to be mobile with time. As the anode grew in size, the 

corrosion product ring dissolved and re-precipitated away from the anode (see video 

V9 and Figure 6.6(c) and Figure 6.8(f)).  This occurrence of re-solubility and 

precipitation is due to the reduction in local pH at the anodic front. This phenomenon 

of change in local pH was also observed for ZMA-Ge alloys and has been described 

in detail in Section 3.6. It is also worth noting that the cathodic site (opposite side to 

the anodic site) where oxygen reduction occurs is fairly clear and no corrosion 

product precipitation occurred. 

Figure 6.7 shows optical microscope images of Zn-1Ca surface at 2 minutes, 2 hours, 

4 hours, 6 hours, 8 hours and 10 hours of immersion in pH 7 0.17 M NaCl. In 

contrast to Zn (Figure 6.6), multiple anodes are observed for the onset and parallel 

darkening of the intermetallic metallic phase CaZn13 is also observed (see video 

V10). The 4-minute optical image of Zn-1Ca presented in Figure 6.8 and video V10 

indicates that the anodes initiate off the intermetallic CaZn13 phase. The anodes grow 

in size with time preferentially via the intermetallic phase CaZn13 leaving behind 

islands of Zn. This preferential attack phenomenon could be observed in video V10 

and Figure 6.8(b). Similar to Zn, precipitation of corrosion products ring is also 

observed for Zn-1Ca at a certain distance away from the anodes which get thicker 

and denser with time. However, for Zn-1Ca dissolution and re-precipitation of 
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corrosion product ring is not observed but instead, corrosion products start to 

precipitate inward, towards the anode and on the cathodic site too (Figure 6.7). 

 

Figure 6.6: Time-lapse Microscope images of Zn taken in-situ under immersion 

conditions in pH 7 0.17 M NaCl. The images (a-f) shown were taken at 2 minutes, 2 

hours, 4 hours, 6 hours, 8 hours and 10 hours respectively 
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Figure 6.7: Time-lapse Microscope images of Zn-1Ca taken in-situ under immersion 

conditions in pH 7 0.17 M NaCl. The images (a-f) shown were taken at 2 minutes, 2 

hours, 4 hours, 6 hours, 8 hours and 10 hours respectively. 
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Figure 6.8: Time-lapse Microscope images of Zn-1Ca taken in-situ after (a) 4 

minutes and (b) 8 hours under immersion conditions in pH 7 0.17 M NaCl. 

6.4.3 Electrochemical Measurements 

A series of electrochemical experiments, open circuit potential, potentiodynamic 

polarization and linear polarisation resistance, were performed to further investigate 

the influence of the addition of 1 wt.% Ca into Zn. The experiments were initiated at 

the shortest time possible after the introduction of the electrolyte. Figure 6.9(a) 

shows the OCP measurements of Zn and Zn-1Ca immersed in pH 7 0.17 M NaCl 

over 24 hours time period. The initial potential is ~ -1.04 V vs SCE for Zn and ~ -

1.02 V vs SCE for Zn-1Ca after which a shift to more negative potential is observed. 

A shift to more negative potential is observed for both Zn and Zn-1Ca. A shift of 

potential ~ 0.046 V vs SCE is observed for Zn-1Ca which continued for ~ 2 hours 

whereas, for Zn, the shift was ~ 0.016 V vs SCE lasting ~ 0.5 hours. 

For Zn, after the initial shift from ~ 1.04 V vs SCE to ~ 1.056 V vs SCE, the 

potential gradually increases to ~ 1.03 V vs SCE. From ~ 1.03 V vs SCE, the 

potential again shifts to more negative potential consequently obtaining some degree 

of stabilisation after ~ 6 hours at ~ -1.048 V vs SCE. However, for Zn-1Ca this 

fluctuation of potential after the initial potential drop is not observed. Zn-1Ca 

stabilised at ~ 1.064 V vs SCE after 4 hours. 

Potentiodynamic polarization measurements performed on Zn and Zn-1Ca samples 

immersed in 0.17 M NaCl pH 7 is presented in Figure 6.9(b). The polarization curves 

demonstrate that there are no obvious changes on the anodic branch due to the 

addition of 1 wt.% of Ca however on the cathodic branch a significant decrease in 
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current is measured at the early stage of the experiment. At -1.20 V vs SCE, the 

values of the current (Log I) showed a large drop between the Zn and Zn-1Ca, a 

reduction by more than half the order of magnitude is observed for Zn-1Ca. 

 

Figure 6.9(a): The time-dependent OCP for (a) Zn and (b) Zn-1Ca immersed in pH 7 

0.17 M NaCl for 24 hours. 

 

Figure 6.9(b): Polarisation curves for (a) Zn and (b) Zn-1Ca immersed in pH 7 0.17 

M NaCl solution. 
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In order to further understand the relative corrosion rate of Zn and Zn-1Ca, linear 

polarization resistance (LPR) measurements were performed. During the 

measurement, the samples were polarised by ± 15 mV from OCP at a scan rate of 

0.166 mVs-1. Polarisation resistance (Rp) values are presented in Table 6.3. The Rp 

value of Zn-1Ca is 2.5 times greater than Zn. Therefore, indicating Zn-1Ca provides 

better corrosion resistance as icorr α 1/Rp. 

Table 6.3: Linear polarization resistance measurements obtained for Zn and Zn-1Ca 

where the samples were polarised by ±15 mV at a scan rate of 0.166 mVs-1 in pH 7 

0.17 M NaCl. 

Sample Polarisation Resistance, Rp, (Ohms.cm-2) 

Zn 4438 

Zn - 1Ca 12141 

 

6.4.4 Discussion 

SVET experiments have suggested that Zn-1Ca provide superior corrosion protection 

compared to Zn. Here, it is proposed that this enhanced protection afforded by Zn-

1Ca is due to the change in microstructure as Ca addition leads to the formation of 

Zn-Ca intermetallic. Once in contact with the electrolyte, these intermetallic provide 

galvanic protection to the Zn phases by preferential anodic dissolution and release of 

Zn2+ and Ca2+ ions (Figure 6.8(b) and Video V10). The Ca2+ ions react with hydroxyl 

ions (OH-) generated at the cathode to form sparingly soluble Calcium hydroxide 

(Ca(OH)2) with a large bandgap of 3.67 eV [165], [166]. The formation of Ca(OH)2 

restricts the movement of ions as well as the movement of oxygen diffusion to the 

cathodic site (precipitation of corrosion product in the cathodic site Figure 6.7 and 

Figure 6.9). Ca(OH)2 is a strong base [167], [168] dissociates to produce Ca2+ and 

OH- ions. As the concentration of OH- ions increase, it enables the pH above the 

surface to rise. A Ca(OH)2 saturated solution has a pH of 12.5 [169]. This 

alkalization of local pH creates a suitable environment for stabilisation of the pre-

existing Zinc oxide/hydroxides consequently passivating the Zn surface [170].  

In Figure 6.2 the intermetallic CaZn13 are spread consistently in proximity (separated 

by < 100 µm) throughout the surface. Here, we observed that the multiple anodes 

initiate at these intermetallic (Figure 6.8 and Video V10) before growing into the Zn 

phase however on SVET contour maps (Figure 6.5) no focal anodes are established 
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until the 18th hour. As illustrated in section 2.4.3 SVET is only able to resolve 

individual localised features separated by a distance greater than 150 µm as the 

SVET scan height is 100 µm. Therefore, for Zn-1Ca the spacing between the 

cathodic and anodic sites may be less than 150 µm and the lines of current flux 

between anode and cathode may not intersect the SVET scan plane. However, SVET 

has resolved the net corrosion activities on the Zn-1Ca surface. By itself, there is a 

potential the SVET derived metal loss in Table 6.2 has been underestimated for Zn-

1Ca. However, the linear polarisation resistance measurement suggests that the 

corrosion kinetics of Zn-1Ca are reduced in comparison to Zn as Rp value of Zn-1Ca 

is 2.5 times greater than Zn. Therefore suggests the corrosion rate of Zn-1Ca is 2.5 

times lower compared to Zn. 
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6.5 Study of the inhibition effects of Phosphate during corrosion of 

Zn and Zn-1Ca alloys 

Further investigation was conducted to evaluate the performance of phosphate ions 

on the inhibition of corrosion of Zn and Zn-1Ca. Sodium phosphate monobasic 

dihydrate (NaH2PO4.2H2O) was used as a source of phosphate ions. The 0.17 M 

NaCl was dosed with 1 x 10-3 mol.dm3  sodium phosphate and was adjusted to pH 7. 

The inhibitor concentration of 1 x 10-3 mol.dm3 was selected because of its proven 

inhibition efficiency previously of  92 % on ZMA coatings. 

6.5.1 Investigation of inhibition effect of Phosphate using Scanning Vibrating 

Electrode Technique (SVET) 

The SVET was utilized to investigate the effect of sodium phosphate (Na3PO4) as an 

inhibitor on Zn and Zn-1Ca.  Figure 6.10 shows the normal current densities 

measured above the surface of the Zn freely corroding in pH 7 0.17 mol.dm-3 NaCl 

containing 1 x 10-3 mol.dm3 Na3PO4 for 1 hour, 6 hours, 12 hours, 18 hours and 24 

hours. The addition of Na3PO4 has led to the passivation of the exposed surface for a 

short period as no anodic or cathodic features are present for the 1 hour. However, 

from 6 hours onwards multiple point anodes are established. The addition of Na3PO4 

has also significantly reduced the number and intensity of the established anodic 

features. The SVET contour maps for 12 hours, 18 hours and 24 hours indicates that 

the established anodes do not grow radially as we observed for Zn without Na3PO4 

but new anodic features are developed around the already established anodic site. 

Figure 6.11 shows the normal current densities measured above the surface of the 

Zn-1Ca freely corroding in pH 7 0.17 mol.dm-3 NaCl containing 1 x 10-3 mol.dm3 

Na3PO4 for 1 hour, 6 hours, 12 hours, 18 hours and 24 hours. The presence of Ca and 

Na3PO4  has had a significant impact on the measured current densities. The Zn-1Ca 

surface has led to the extended period of passivation of the exposed surface as no 

anodic or cathodic features are present for up to 12 hours. The anodic features are 

established by 18 hours and grow in intensity and size with time. The mechanism 

observed for Zn-1Ca, i.e ~ half the exposed surface behaving as an anodic site and 

the other half as cathodic site, is not observed for Na3PO4 addition as focal anodes 

are present on 18 hours and 24 hours scans. 
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Figure 6.10: SVET false colour maps representing normal current density measured 

above Zn immersed in pH 7 0.17 M NaCl containing 1 x 10
-3

 mol.dm
-3

 Na3PO4. 
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Figure 6.11: SVET false colour maps representing normal current density measured 

above Zn-1Ca immersed in pH 7 0.17 M NaCl containing 1 x 10
-3

 mol.dm
-3

 Na3PO4. 
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The SVET derived metal loss for both Zn and Zn-1Ca after immersion on pH 7 0.17 

M NaCl containing 1 x 10-3 mol.dm3 Na3PO4 for 24 hours and 48 hours are shown in 

Table 6.4. The errors shown are based on the standard deviation of three 

measurements. The SVET derived metal loss for Zn-1Ca is 1.19 g.m-2 compared to 

5.12 g.m-2 for Zn for 24 hours. The addition of sodium phosphate had a significant 

impact on SVET derived metal loss. For both Zn and Zn-1Ca, a reduction in metal 

loss of 48 % and 72 % was observed respectively (Table 6.2  and Table 6.4). 

Although the metal loss for both Zn and Zn-1Ca has significantly decreased with the 

addition of sodium phosphate, the effectiveness to inhibit corrosion is much higher in 

Zn-1Ca compared to Zn. Zn-1Ca alloy in pH 7 0.17 M NaCl containing 1 x 10-3 

mol.dm3 sodium phosphate provide 76.75 % reduction in metal loss compared to Zn 

in pH 7 0.17 M NaCl.  

The metal loss of Zn and Zn-1Ca with/without Na3PO4 are in the order Zn (9.83 g.m-

2) > Zn + Na3PO4 (5.12 g.m-2) > Zn-1Ca (4.32 g.m-2) > Zn-1Ca + Na3PO4 (1.19 g.m-

2)(Table 6.2 and 6.4). Therefore, it is reasonable to assume that the significant 

enhancement of the effectiveness of Na3PO4 in Zn-1Ca could be due to the presence 

of Ca. 

For 48 hours with Na3PO4 addition, the SVET derived metal loss for Zn-1Ca  is 

reduced by 51 %  to 7.01 g.m-2 compared to 14.57 g.m-2 for Zn. Therefore, Zn-1Ca 

provides twice the resistance compared to Zn. In a 48 hours SVET experiment, the 

metal loss from 25th hour to 48th hour with Na3PO4 addition and metal loss for 1 to 

24 hours without Na3PO4 addition for Zn and Zn-1Ca is presented in Table 6.5. The 

metal loss for Zn and Zn-1Ca with/without Na3PO4 addition presented in Table 6.4 

suggests that the Na3PO4 has minimal inhibition effect after 24 hours as the metal 

loss are similar. 

Table 6.4: SVET derived metal loss for Zn and Zn - 1Ca after immersion in pH 7 

0.17 M NaCl containing 1 x 10-3 mol.dm3 sodium phosphate for 24 hours and 48 

hours. 

Sample Metal loss for 24 hours (g.m-2) Metal loss for 48 hours (g.m-2) 

Zn 5.12 ± 1.27 14.57 ± 1.74 

Zn-1Ca 1.19 ± 0.42 7.01 ± 2.84 
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Table 6.5 SVET derived metal loss for Zn and Zn - 1Ca after immersion in pH 7 0.17 

M NaCl with and without 1 x 10-3 mol.dm3 sodium phosphate addition. 

 

Sample Metal loss from 25
th

 hours - 48
th

 hour 

with phosphate (g.m
-2

) 

Metal loss for 24 hours 

without phosphate (g.m
-2

) 

Zn 9.45 ± 1.94 9.83 ± 0.75 

Zn-1Ca 5.82 ± 3.21 4.32 ± 1.67 

 

The SVET derived hourly metal loss (average of three measurements) as a function 

of time for both Zn and Zn-1Ca during immersion on pH 7 0.17 M NaCl containing 1 

x 10-3 mol.dm3 Na3PO4  for 24 hours and 48 hours are presented in Figure 6.12 and 

Figure 6.13 respectively. The addition of phosphate has reduced the hourly metal 

loss from the onset for both Zn and Zn-1Ca. The addition of 1 x 10-3 mol.dm3 

Na3PO4  has significantly reduced the rate of hourly metal loss for both Zn and Zn-

1Ca.  

Figure 6.12 also demonstrates that the rate of hourly metal loss for Zn + Na3PO4 is 

lower than the Zn-1Ca for the first 12 hours however its performance degrades with 

time. Figure 6.13 shows that Na3PO4 is much more effective in presence of Ca 

however with time the effect of Ca and Na3PO4 nullifies as hourly metal loss plots 

for Zn + Na3PO4 and Zn-1Ca + Na3PO4  start to converge after 42 hours. 
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Figure 6.12: SVET derived hourly metal loss as a function of time for Zn and Zn-1Ca 

after immersion in pH 7 0.17 M NaCl with and without 1 x 10-3 mol.dm3 Na3PO4 

addition for 24 hours. 

 

Figure 6.13: SVET derived hourly metal loss as a function of time for Zn and Zn-1Ca 

after immersion in pH 7 0.17 M NaCl containing 1 x 10-3 mol.dm3 Na3PO4 for 48 

hours. 
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6.5.2 Investigation of inhibition effect of Phosphate using Time-lapse 

Microscopy (TLM) 

To assess the behaviour and role of Na3PO4 on the enhancement of corrosion 

resistance observed during SVET experiments further investigation was conducted 

utilizing TLM. Figure 6.14 shows optical microscope images of the surfaces of Zn 

after various times of immersion in pH 7 0.17 M NaCl containing 1 x 10-3 mol.dm3 

Na3PO4. Figure 6.14 features the images captured at 2 minutes, 2 hours, 6 hours, 12 

hours, 18 hours and 24 hours. It can be observed that two anodes develop from the 

onset, concurrently darkening of the grain boundaries similar to Zn without Na3PO4 

(see video V9). The addition of Na3PO4 has drastically altered the corrosion products 

precipitation phenomenon. For Zn, precipitation of corrosion products occurred at a 

certain distance away from the anode (Figure 6.6 and video V9) however in the 

presence of phosphate ions corrosion products are precipitated on top or in the 

vicinity of the anode. It is also observed that these corrosion products precipitation 

restricts the growth of the anodes. However, with time the initiated anodes grow and 

eventually lead to the formation of corrosion product ring as well. Throughout the 

experiment, the cathodic region remained clean free of corrosion product 

precipitation (left-hand side of images in Figure 6.14). 

Figure 6.15 shows optical microscope images of the surface of Zn-1Ca at 2 minutes, 

2 hours, 6 hours, 12 hours, 18 hours and 24 hours of immersion in pH 7 0.17 M NaCl 

containing 1 x 10-3 mol.dm3 Na3PO4. The presence of phosphate ions has drastically 

altered the corrosion behaviour of the Zn-1Ca (Video V12 and Figure 6.15). 

Contrary to Zn where the formation of anodes at the Zn phase was observed at the 

onset, no such activity was observed for Zn-1Ca for an initial short period. However, 

with time darkening of the intermetallic CaZn13 was observed. The darkening of 

intermetallic starts from the periphery of the exposed area and then grow inwards. As 

the darkening of the intermetallic continues it leads to a formation of a protective 

film that covers the whole of the exposed surface with some patches of uncovered 

area. For the experimental time of 24 hours, the bulk Zn phase is protected from 

anodic attack as no focal anodes as seen for Zn samples are observed for Zn-1Ca. 

 



138 
 

 

Figure 6.14: Time-lapse Microscope images of Zn taken in-situ under immersion 

conditions in pH 7 0.17 M NaCl containing 1 x 10
-3

 mol.dm
-3

 Na3PO4. The images 

(a-f) shown were taken at 2 minutes, 2 hours, 6 hours, 12 hours, 18 hours and 24 

hours respectively 

 



139 
 

 

Figure 6.15: Time-lapse Microscope images of Zn-1Ca taken in-situ under 

immersion conditions in pH 7 0.17 M NaCl containing 1 x 10
-3

 mol.dm
-3

 Na3PO4. 

The images (a-f) shown were taken at 2 minutes, 2 hours, 6 hours, 12 hours, 18 

hours and 24 hours respectively. 
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6.5.3 Electrochemical measurements 

Open circuit potential measurements were performed to assess the behaviour of Zn 

and Zn-1Ca in pH 7 0.17 M NaCl containing 1 x 10
-3

 mol.dm
-3

 Na3PO4. The results 

obtained are presented in Figure 6.16. In the presence of phosphate ions, there is a 

steep rise towards positive potential from the onset for both Zn and Zn-1Ca. The 

gradient of the potential increment is higher in Zn-1Ca compared to Zn. Zn-1Ca 

takes ~1.5 hours to reach its highest potential of ~ -1.01 V vs SCE whereas Zn takes 

~3.5 hours to reach its highest potential of ~ -1.02 V vs SCE. 

From the highest positive potential for both samples, there is a similar linear shift 

towards negative potential and both obtain some degree of stabilisation at ~ 1.145 V 

vs SCE. However, Zn takes ~ 8 hours from the onset of the experiment to obtain this 

stabilisation compared to Zn-1Ca taking 12 hours. Also, in contrast to Zn, Zn-1Ca 

obtains some degree of stabilisation at ~ 1.026 V vs SCE for the duration of ~ 4 

hours before final stabilisation at ~ 1.045 V vs SCE. 

 

 

Figure 6.16: The time-dependent OCP for (a) Zn and (b) Zn-1Ca (c) Zn + Na3PO4 

(d) Zn-1Ca + Na3PO4 immersed in pH 7 0.17 M NaCl for 24 hours. 
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The mechanism of corrosion product deposition observed in section 6.5.2 and Figure 

6.14 along with the literature [32], [171] indicates that phosphate acts as an anodic 

inhibitor. Therefore, anodic polarization experiments were performed to gain more 

insight into this behaviour and are presented in Figure 6.17. The samples were 

allowed to corrode freely for 135 minutes to gain stable OCP in the electrolyte before 

conducting anodic polarization. This procedure was adopted because during the OCP 

measurement (Figure 6.16) for Zn and Zn-1Ca in the phosphate-containing 

electrolyte, approximately after 2 hours, Zn and Zn-1Ca obtained the positive most 

potential and hence suggesting the period of superior phosphate efficiency. 

 

Figure 6.17: Plot of anodic polarisation curves for Zn, Zn-1Ca, Zn + Na3PO4 and 

Zn-1Ca + Na3PO4 immersed in pH 7 0.17 M NaCl after OCP stabalisation for 135 

minutes. 

The addition of 1 wt.% of Ca to Zn has shifted the Ecorr by 20 mV to a more negative 

potential. The curves for Zn and Zn-1Ca appear to merge at ~ -1.0 V vs SCE and 

then again at ~ -0.92 V vs SCE. In presence of 1 x 10-3 mol.dm3 Na3PO4 Ecorr of Zn 

shifted to more positive potential (anodic) by 10 mV. Similarly for Zn-1Ca in 

presence of 1 x 10-3 mol.dm3 Na3PO4 Ecorr has shifted to more positive potential by 

20 mV compared to Zn-1Ca with no phosphate addition however in comparison to 
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Zn + Na3PO4 Ecorr shifted towards more negative potential (cathodically).  Hence, 

phosphate ions behave as an anodic inhibitor on Zn as well as Zn-1Ca. 

In presence of phosphate ions, Zn and Zn-1Ca inhibited the anodic current 

significantly. Furthermore, both Zn and Zn-1Ca show some degree of self-

passivation behaviour however this behaviour is much more prominent in Zn-1Ca. 

The passivity for Zn was observed between -1.020 V vs SCE  to - 0.9045 V vs SCE 

whereas for Zn-1Ca the passivity was observed between -1.030 V vs SCE to -0.9045 

V vs SCE.  The passivity was extended by 10 mV for Zn-1Ca compared to Zn in the 

phosphate-containing electrolyte. 

LPR measurements were also performed as described in section 6.4.3 after OCP 

stabilisation for 135 minutes.  Polarisation resistance (Rp) values are presented in 

Table 6.6. The Rp value of Zn-1Ca is slightly greater than Zn. Therefore, indicating 

Zn-1Ca provides better corrosion resistance as icorr α 1/Rp. 

Table 6.6: Linear polarization resistance measurements obtained for Zn and Zn-1Ca 

where the samples were polarised by ±15 mV at a scan rate of 0.166 mVs-1 in pH 7 

0.17 M NaCl after OCP stabilisation for 135 minutes. 

Sample Polarisation Resistance, Rp, (Ohms.cm-2) 

Zn + Na3PO4 13494.00 

Zn - 1Ca + Na3PO4 15134.00 

 

6.5.4 Discussion 

Corrosion (SVET) experiments have indicated that the presence of phosphate ions 

has significantly enhanced the protection ability of Zn. The enhanced protection 

ability of Zn is further upgraded in presence of Calcium. TLM revealed a dramatic 

modification of the corrosion mechanism for both Zn and Zn-1Ca due to the addition 

of phosphate inhibitors.  

For Zn, precipitation of triangular feature tapering away from the anodic site was 

observed (Figure 6.14) which implies that a local concentration of metal ions (Zn2+ ) 

has been established [32]. These metal ions react with the phosphate ions present 

within the electrolyte to precipitate metal phosphate. As the concentration of metal 

ions is highest at the vicinity of the anode and decreases with distance away from the 

anode, hence, adequate metal ions (Zn2+ ) are available to exceed the solubility limit, 
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as a result, precipitation of metal phosphate is observed local to the anodic site [32]. 

The precipitation of these metal phosphate at the vicinity of anodic sites impede the 

movement of Zn2+ ions consequently reducing the corrosion activity and increasing 

the corrosion resistance. This phenomenon of anodic inhibition on the Zn surface by 

phosphate ions is supported by the anodic polarization curve as Ecorr is shifted to 

more positive potential (Figure 6.17). 

In the case of Zn-1Ca, the Zn-Ca intermetallic corroded preferentially protecting the 

Zn phase (Figure 6.15(b)) releasing metal ions Zn2+ and Ca2+ into the electrolyte. 

These released metal ions of Zn and Ca react with phosphate ions present within the 

electrolyte to precipitate protective film (Figure 6.15) containing metal phosphates of 

Zn (Zn3(PO₄)₂), Ca (Ca3(PO4)2 ) and/or both (. It has been found that modification of 

zinc phosphate bath by calcium ions leads to the formation of a more compact 

structure Zn2Ca(PO4)2.2H2O with better corrosion prevention ability [172], [173]. 

The initial release of Ca2+ ions through galvanic effects also enables the rise in 

solution pH as Ca(OH)2 is much more soluble than Zn(OH)2 and further dissociates 

of Ca(OH)2 produces Ca2+ and OH- ions, therefore, increasing the pH of the solution 

rapidly and passivate the surrounding Zn surface more quickly than when Zn2+ ions 

are released alone. 

As the intermetallic is distributed throughout the exposed surface, a protective film is 

formed covering the entire exposed surface. This protective film act as a barrier and 

decreases the oxygen diffusion rate consequently reducing the corrosion rate. This 

phenomenon of inhibition on the Zn surface by phosphate ions in presence of Ca is 

supported by the anodic polarization curve as some degree of self passivation is 

observed (Figure 6.17). The extended passivity of added 10 mV of  Zn-1Ca 

compared to Zn in presence of phosphate ions suggest the enhanced inhibitory effect 

in presence of Ca. Thus, extended passivity indicates the formation of additional 

metal phosphates in addition to zinc phosphate. 
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6.6 Conclusion 

Investigation on the addition of 1 wt.% of Calcium on the microstructure and 

corrosion resistance afforded by Zn alloy has been concluded to show that; 

• the alloying of Zn with Ca has resulted in the formation of an intermetallic 

CaZn13 

• The SVET derived metal loss decreased significantly with Ca addition. A 56 

% decrease in the metal loss was measured for Zn-1Ca. 

• TLM revealed that for Zn-1Ca, the corrosion initiates and preferentially grow 

via intermetallic CaZn13  

• A decrease in OCP and current during cathodic polarization was observed for 

Zn-1Ca 

• LPR indicated a decrease in the corrosion rate by 2.5 times. 

 

Investigation of the addition of 1 x 10-3 mol.dm-3 Na3PO4 on the corrosion resistance 

and mechanism afforded by Zn and Zn-1Ca alloys has been concluded to show that; 

• The SVET derived metal loss decreased by 48 % for Zn 

• In presence of Calcium (i.e Zn-1Ca), the SVET derived metal loss decreased 

significantly. A 72 % decrease in metal loss was measured. 

• TLM and anodic polarization measurements showed Na3PO4 acts as an 

anodic inhibitor on Zn. TLM revealed the precipitation of corrosion products 

in the vicinity of anodic sites and the anodic polarization curve displayed the 

shift of Ecorr to a more positive potential. 

• TLM and anodic polarization measurements showed Na3PO4  also acts as an 

anodic inhibitor in Zn-1Ca. TLM revealed a formation of the protective film 

covering the entire surface and the anodic polarization curve displayed some 

degree of extended passivation. 
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Chapter 7 Conclusion and further work 

7.1 Conclusions 

From the work presented within this thesis, several conclusions have been drawn and 

are outlined below. 

ZMA alloy systems with varying amounts of Germanium (Ge) additions (0.19 wt.% - 

1.8 wt.%) were investigated to establish their influence on microstructure and its 

impact on corrosion and mechanical properties. The addition of Ge has induced 

microstructural changes which led to the formation of a new phase, which was 

identified as magnesium germanide (Mg2Ge) and existed in two different forms. 

Mg2Ge plate-like structures were observed in all Ge additions and large Mg2Ge 

crystals were observed only in the highest concentration.  

The SVET experiments conducted in 0.17 M NaCl pH 7 showed improvement in 

corrosion resistance of ZMA with an increase in Ge content (≥ 0.87 wt.%). A 

reduction of more than 50 % SVET derived metal loss was observed for the highest 

Ge concentration (ZMA-1.8 Ge). This significant improvement in corrosion 

resistance in the highest Ge concentration was also supported by the linear 

polarization measurements as Rp values were one order of magnitude larger 

compared to ZMA - 0 Ge. 

A significant change in the corrosion mechanism of ZMA-1.8 Ge was shown by 

SVET and TLM. Both techniques showed a significant delay in anode formation for 

ZMA-1.8 Ge, with further analysis, post-corrosion of Mg2Ge using SEM-EDS 

indicated leaching of Mg from Mg2Ge during this period.  In addition, the TLM 

experiment conducted in presence of phenolphthalein indicator showed an increase 

in electrolyte pH and absence of pH gradient which was observed for ZMA- 0 Ge. 

The observed corrosion enhancement was associated with the preferential anodic de-

alloying of Mg2Ge by loss of Mg2+, leaving behind a surface enriched in Ge. The 

Mg2+ ions released reacts with the hydroxyl ions (OH-) generated at the cathode to 

form Mg(OH)2 and also as they do not hydrolyse they increase the pH of the 

electrolyte, creating a favourable environment where Zn surfaces are passive. 

The formability of ZMA-Ge alloys was conducted using a Small Punch tensile test in 

conjunction with Vicker hardness and Nanoindentation techniques. The 



146 
 

nanoindentation technique revealed that for ZMA- 0 Ge, the eutectic phase is 2.3 

times harder than the zinc phase. The Vicker hardness data showed hardness value 

(Hv) reduces with an increase in Ge concentration with ZMA- 1.8 Ge achieving a 

reduction of 18.78 %. The reduction in hardness with an increase in Ge concentration 

suggested the improvement in formability of ZMA-Ge alloys however the Small 

Punch tensile test revealed the opposite. All the ZMA-Ge alloys displayed a 

significant reduction in displacement at Fm. This reduction in formability is attributed 

to the presence of Mg2Ge. Although the Ge addition led to the decrease in the 

eutectic phase, it is not 100 % eliminated and has been replaced by intermetallic 

Mg2Ge which mostly likely behave as a site of crack formation under tensile load. 

The potential of incorporating ‘smart release’ capsules within metallic coatings is 

further explored by embedding Mg2Si particles as inhibitors in a zinc-rich powder-

based galvanising system (Zn). SVET was utilized to study the inhibitory effects of 

these Mg2Si particles in a 0.17 M NaCl pH 7 solution. SVET and post-corrosion of 

Mg2Si analysis using SEM-EDS revealed Mg2Si preferentially anodically dissolve 

galvanically protecting Zn surface. TLM was utilized to study the corrosion 

mechanism of Zn and Zn + Mg2Si. TLM revealed that for Zn + Mg2Si, due to the 

discharge of Mg2+ ions the pH of the electrolyte rise above 8. This increased pH 

creates a suitable environment for the precipitation of Mg(OH)2 and passivates the 

Zn surface. The SKP was used to evaluate the ability of Mg2Si to inhibit the 

corrosion driven coating failure mechanism. The presence of Mg2Si particles have 

delayed the delamination initiation time and reduced the rate of delamination. The 

inhibitory efficiency improved with the increase in Mg2Si particles present on the Zn 

surface. 

The addition of 1 wt.% of Ca to Zn has resulted in the formation of new intermetallic 

CaZn13. SVET experiments and linear polarization measurements revealed the 

improvement in corrosion resistance of Zn-1Ca. The SVET contour maps revealed 

the change in the corrosion mechanism of Zn-1Ca. In contrast to the formation of 

focal anodes observed for Zn, the exposed surface of Zn-1Ca was diagonally 

separated into anodic and cathodic halves. TLM identified that the anodes initiate off 

the CaZn13 phase and grow preferentially via the CaZn13. The improvement in 

corrosion resistance of Zn-1Ca is attributed to the formation of Ca(OH)2 at the 
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cathodic site and hindering the oxygen diffusion rate. Also, Ca(OH)2 being a strong 

base it dissociates to create an alkali environment where the Zn surface passivate. 

The efficiency of Na3PO4 (1 x 10-3 mol.dm-3) in 0.17 M NaCl pH 7 on Zn and Zn-

1Ca was investigated. SVET showed a significant decrease in SVET derived metal 

loss with the addition of sodium phosphate however the effectiveness to inhibit 

corrosion is much higher in Zn-1Ca compared to Zn. TLM revealed that the presence 

of Na3PO4 has drastically altered the corrosion mechanism of both Zn and Zn-1Ca. 

For Zn, precipitation of corrosion products occurred in the vicinity of the anode 

restricting the growth of the anodes suggesting the formation of zinc metal 

phosphate. However, for Zn-1Ca, TLM revealed a different mechanism. As 

corrosion progressed a protective film developed covering the entire exposed surface 

which acts as a barrier and decreases the oxygen diffusion rate consequently 

reducing the corrosion rate. It is also suggested that during the corrosion of Zn-1Ca, 

both Zn2+ and Ca2+ are discharged therefore in the presence of Na3PO4 in addition to 

the formation of Zn and Ca metal phosphate more compact structural 

Zn2Ca(PO4)2.2H2O with better corrosion prevention ability is formed consequently 

drastically enhancing corrosion resistance. 
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7.2 Further works 

Although quaternary metallic coating systems have been the subject of interest not 

much research has been undertaken to date.  Investigations into the addition of a 

quaternary element to the ternary ZMA system have demonstrated promising results 

in terms of corrosion enhancement however in-depth investigations by which it 

inhibits has not been undertaken therefore is not well understood. 

Here, we conducted an in-depth investigation using various techniques to understand 

the effect of the quaternary element (Germanium) addition to the ZMA system. The 

study provided us with valuable insight into how quaternary metallic coating system 

ZMA-Ge inhibits. Conducting physical metal loss experiments on ZMA-Ge would 

quantify the corrosion improvement as the techniques utilized were semi-

quantitative. Furthermore, the investigations were conducted on alloy rather than 

coating therefore the production and investigation of ZMA-Ge coating are highly 

suggested.  

The use of Mg2Si particulates as corrosion inhibitors also displayed encouraging 

results in terms of improving resistance to aqueous and cathodic delamination 

corrosion, therefore, incorporating Mg2Si particles on the outer layer of HDG Zn 

coating would be something to pursue.  

In conclusion, there are several areas worthy of further investigation in the near 

future to better understand the results obtained so far and are listed below. 

• Characterisation of corrosion products of ZMA-Ge alloys using SEM, XRD 

and SIM etc. 

• Uniaxial tensile test of ZMA-Ge alloys. 

• A hardness measurement of ZMA-Ge alloys using indentation plastometry. 

• Hardness test of Mg2Ge using nanoindentation technique. 

• Repeats of cathodic delamination experiments using Mg2Si as inhibitors and 

also with a range of varying amounts of Mg2Si in Zn surface. 

• Blot test using universal indicator paper on Zn and Zn-1Ca during corrosion. 

• Characterisation of corrosion products of Zn + Phosphate and Zn-1Ca + 

Phosphate using SEM, XRD and SIMS etc. 

• Cathodic polarization of both Zn + Phosphate and Zn-1Ca + Phosphate 

systems. 
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• Hardness measurement of Zn-1Ca using Vicker Hardness, Nanoindentation 

and indentation plastometry. 

• Production of Zn-1Ca coatings and conduct electrochemical experiments. 

• Investigate the varying amount of Ca addition into Zn alloy and coating 

system. 

• Investigate a range of sodium phosphate concentrations on Zn and Zn-1Ca. 
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