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ABSTRACT 

A modified plasma electrolytic oxidation (PEO) treatment has been successfully 

developed for the non-valve metals of Fe and Cu in electrolyte containing sodium 

aluminate and sodium phosphate. This process could also be termed as plasma 

electrolytic aluminating (PEA) since the formation of passive films mainly relies on 

the aluminate ions. The passive film will hinder the current flow and cause charge 

build-up. When a critical voltage is reached, dielectric breakdown of the passive 

film will ignite the sparks. X-ray photoelectron spectroscopy (XPS) analyses 

indicate the passive film formed on the Fe consist of FeAl2O4, which means iron 

substrate participated in the reaction. On the other hand, the copper substrate was 

not involved in the passive film formed on the Cu, which consists of Al(OH)3. The 

different mechanisms could be attributed to the different reduction potentials of Fe 

and Cu. 

Taguchi analyses were used to investigate the influence of selected process 

parameters, including the concentration of NaAlO2 in the electrolyte (C), the 

frequency (f) and duty cycle (δ) of the power supply. ANOVA analysis revealed that 

C has the most significant contribution to hardness, corrosion resistance and 

thickness. While f has significant influence on hardness and corrosion resistance, δ 

contributes significantly to the thickness. Higher frequency means shorter duration 

of a single discharge which leads to denser coating with higher hardness and 

corrosion resistance. Higher duty cycle represents the higher power input during the 

PEA treatment. Therefore, the coating’s thickness increased with higher duty cycle. 
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The coating prepared on iron substrate mainly consists of Al2O3 and FeAl2O4. The 

hardness, polarization resistance and thermal conductivity of the coating were 822 

HV, 296 kΩ·cm2 and ~0.5 W/(m·K), respectively. The low thermal conductivity 

comes from the mesopores, nano-grains and amorphous materials. After cyclic 

thermal shock tests, the coating retained its porous structure without spallation. Post-

treatments like electroless nickel plating (EP) and sol-gel silica coating were applied 

to seal the open pores and cracks. Both the PEA-EP and PEA-SiO2 hybrid coatings 

could retain good corrosion resistance after immersed in sodium chloride solution 

for five days, while the PEA coating degraded due to pitting corrosion at these open 

pores and cracks. 

The coating deposited on pure copper consists of ceramic matrix (Al2O3 and Cu2O) 

embedded with Cu particles. The amount of Cu particles increased with increased 

coating thickness, which could be attributed to intensified plasma discharges. The 

hardness, polarization resistance and thermal conductivity of the coating were 1050 

HV, 141.7 kΩ·cm2 and ~5.1 W/(m·K), respectively. The increased thermal 

conductivity could be attributed to the presence of metallic Cu. The coating has 

excellent wear and corrosion resistance, which might be used for wear-corrosion 

protection of copper alloys. 
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1. CHAPTER 1 Introduction 

1.1 Background 

Surface engineering methods, including phosphating, metal plating and physical vapor 

deposition (PVD), have been applied on irons, steels and copper alloys. These treatments 

could improve the surface functionalities in terms of wear and corrosion resistance. 

However, there are still some limitations of these methods. For instance, the NO2
-, Cr6+, 

PO4
3- and NO3

- ions involved in the phosphating and chromium plating bath have negative 

influence on the human body and environment 1,2. Organic painting on phosphating surface 

is desired for efficient corrosion protection, but it will sacrifice the surface hardness 3,4. 

During the service of zinc plating, a lot of zinc ions would be released into eco-system and 

might lead to zinc pollution 5. Moreover, corrosion of the iron substrates will be inevitable 

after longtime exposure, especially to chloride ions and acidic surroundings 6. Therefore, 

post-treatment like organic coatings is also desired 7. The surface hardness and wear 

resistance of zinc plating are also low, which leads to decreased lifespan and increased cost 

of maintenance. PVD hard ceramic coatings could provide both the high corrosion 

resistance and the excellent wear resistance 8-10. However, the high cost and complex 

controlling of the process inhibit the wide use of these coatings. Therefore, it is urgent to 

develop a surface engineering method for irons, steels, and copper alloys which could 

realize high wear resistance, corrosion resistance, cost effectiveness and environmental 

friendliness simultaneously. 

Plasma electrolysis for surface engineering is known as multi-functional, cost effective and 

environmentally friendly process. Anodic plasma electrolysis could be divided into two 

main categories: plasma electrolytic oxidation (PEO, a coating deposition process) and 
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plasma electrolytic polishing (PEP, an anodic dissolution process) 11-13. PEO is thought to 

be suitable for the “valve metals”, while PEP dominates for the non-valve metals. For valve 

metals, their oxides usually are n-type semiconductors or insulators, like Al2O3, MgO and 

TiO2, which means current cannot flow through the oxide when the metal is anode 13,14. 

This point is critical for PEO process, since it cause the accumulation of charges and 

subsequent dielectric breakdown of the oxide layer, which was thought to be the origin of 

stable plasma discharges 13. The commonly known valve metals include Al, Mg, Ti, Ta, 

Nb, Zr and Be 14. PEO has been successfully applied on Al 15,16, Mg 17,18, Ti 19,20, Zr 21,22, 

Ta 23,24 and their alloys to realize excellent wear resistance, corrosion resistance, 

biocompatibility, decorative and catalytic properties. 

As for the non-valve metals, PEO is normally considered not applicable because stable 

plasma discharges cannot be easily established in this case 14. In recent years, several 

papers have been published on the PEO of carbon steels and cast irons in the electrolyte 

contains sodium aluminate and sodium phosphate 25-27. Recent studies demonstrate that the 

ions in the electrolyte could help to form the passive layer (insulating ceramics) on the 

anode surface, which leads the stable plasma discharges 28. However, detailed investigation 

on the process and characterization of the coating properties is still needed. 

1.2 Objectives  

This work focused on the preparation and characterization of ceramic coatings deposited 

on non-valve metals, including Fe and Cu alloys, by plasma electrolytic aluminating (PEA) 

process. Post-treatments were also applied to seal the pores for better corrosion 

performance. Following objectives were aimed to be achieved: 
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1. To investigate the PEA process using Taguchi experimental design and evaluate the 

contribution of selected process parameters, especially focusing on the concentration 

of the electrolyte, with ANOVA analysis. 

2. To study the coating deposition mechanism of the PEA process on cast iron and 

investigate the wear, corrosion behaviors in detail. 

3. To evaluate the thermal related properties of the PEA coatings on cast irons and steels, 

including thermal conductivity and thermal shock resistance. 

4. To study the influence of pore-sealing post-treatment, including electroless nickel 

plating and sol-gel silica coating, on the corrosion resistance and thermal conductivity 

of the PEA coating. 

5. To investigate the PEA process on Cu and characterize the deposited coatings. 

1.3 Dissertation Outline 

This dissertation includes a total of eight chapters: 

In Chapter 1, a brief introduction was provided with the objectives and the outline of this 

dissertation. 

In Chapter 2, a literature review related to this study was carried out. Background 

knowledge of the plasma electrolytic oxidation was introduced. Application of PEO 

process was discussed. Very few literatures of PEO process on steels were also discussed. 

In Chapter 3, Taguchi analysis of the PEA process on cast iron was carried out. The 

hardness, polarization resistance and thickness of the coating were selected as individual 

responses. Contribution of process parameters was evaluated by ANOVA analysis. 
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In Chapter 4, the mechanism of PEA process on cast iron was investigated with scanning 

electron microscope (SEM), X-ray photoelectron spectroscopy (XPS) and X-ray 

diffraction (XRD). The wear and corrosion behaviors were also studied in detail. 

In Chapter 5, the thermal conductivities of PEA coatings on cast irons and steels were 

measured. The relation between thermal conductivities and microstructures were discussed. 

The coatings’ adhesion property and thermal shock resistance were also evaluated. 

In Chapters 6, electroless nickel plating and sol-gel silica coating were used to seal the 

open pores and cracks. The purpose is to reduce the possibility of salt solution to contact 

the iron substrates and thus improve the long-term corrosion performance of PEA coated 

iron samples. The long-term corrosion behavior and thermal conductivity of the hybrid 

coatings were studied. 

In Chapter 7, the PEA process on copper was investigated. The coating deposition 

mechanism was proposed based on the results of SEM, XPS and XRD analysis. The wear, 

corrosion and thermal behaviors of the coating were studied. 

In Chapter 8, general conclusions were summarized and suggestions for future work were 

given. 
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2. CHAPTER 2 Literature Review 

Compared with classic electrolysis, plasma electrolysis provides enhanced physical-

chemical reactions at the metal surface. The plasma electrolysis could be divided into 

cathodic processes, including plasma cleaning and plasma electrolytic saturation (PES, like 

nitriding and carburizing), and anodic processes, including plasma electrolytic oxidation 

(PEO) and plasma electrolytic polishing (PEP) 1. PEO has been wildly applied in 

automotive, aerospace and oil & gas industries due to the excellent multi-functionality of 

the coatings, including corrosion and wear resistance, chemical and thermal stability, low 

thermal conductivity, etc. However, PEO process cannot be readily applied on non-valve 

metals like iron and copper alloys, which are widely used in many industries. Although 

very few literatures have reported the PEO process on carbon steels, comprehensive 

process study and mechanism analysis are still needed. This chapter contains two parts: the 

first part covers general fundamentals and progresses of the PEO process, the second part 

focuses on the available literatures of PEO process on carbon steels.  

2.1 General introduction of PEO process 

PEO is a plasma-enhanced anodizing process for deposition of ceramic coatings on metal 

surface in aqueous solutions. An illustration of PEO equipment layout is shown in Figure 

2-1, which consists of power supply, electrodes, electrolyte and cooling system (if needed). 

During the PEO process, the metal substrate is serving as the anode. Both the anode and 

cathode (could be a plate of graphite or just using the stainless-steel vessel) are immersed 

in an aqueous electrolyte. A power supply is connected to the electrodes and providing 

energy necessitated for the PEO process.  
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Figure 2-1 Schematic illustration of the PEO equipment layout. 

While the basic equipment layout of PEO process is similar to classic anodization, a much 

higher voltage (~250-750 V) is applied 2. Therefore, the dielectric breakdown occurs, and 

numerous micro plasma discharges are formed on the anode surface. Instead of continuous 

transport of ions through the electrolyte and thin oxide layer during classic anodization 

process, the metal and oxygen atoms or ions were generated simultaneously by the hot 

plasma and then combined to form dense oxide as they cooled during the PEO process. 

This mechanism promotes the growth of ceramic coatings with higher thickness and 
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hardness. The physical-chemical reactions involved in the PEO process are strongly 

enhanced by the plasma discharge events. Therefore, the physical-chemical reactions at the 

anode surface are complicated and accompanied with extensive gas liberation, acoustic 

emission and optical emission. The ongoing research of PEO treatment could be divided 

into two aspects, including fundamental studies of the process and 

characterization/optimization of the coatings’ properties. In terms of scientific significance, 

fundamental studies focused on the phenomena during PEO process are carried out to better 

clarify the underlying mechanisms. For instance, the gas liberation 3–5, acoustic emission 6 

and optical spectra 5,7–10 during the PEO treatment have been characterized and investigated. 

To meet the requirements of various engineering applications, a lot of researches focus on 

characterization and optimization of specific coating properties or multi-functionalities, 

including tribological properties 11–16, corrosion resistance 17–22, photocatalytic efficiency 

23–29, bioactivity 30–37 and thermal properties 38–43. Regarding the PEO process, numerous 

efforts have also been made to improve the efficiency to meet the industrial needs. PEO 

technology is now in the transition from lab research to engineering production. Several 

companies like Keronite (UK), Magoxide-coat (Germany) and Microplasmic (USA) are 

currently exploiting commercial usage of PEO treatments.  

2.2 Fundamental mechanisms of PEO process 

The plasma discharges are thought to be a result of dielectric breakdown of the oxide scale. 

Numerous efforts have been made to understand the discharge events. Unfortunately, the 

lifetime of a single discharge is very short. The plasma discharges always exist as clusters 

and are hard to separate, which means it is very difficult to analyze individual discharge 

event. Therefore, the nature of plasma discharges is not fully understood up to now. The 
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following reviews introduced a well-accepted mechanism of coating deposition and model 

of current-voltage behavior during the PEO process. 

Figure 2-2 demonstrates the current-voltage behavior of a complex four-phase system, i.e. 

metal-dielectric-gas-electrolyte, with a number of possible phase boundaries during the 

plasma electrolysis process, as proposed by Yerokhin et al 1. 

A ‘type-a’ curve represents a PES (like carburizing and nitriding) process, during which 

gas liberation would form a stable gas envelope on either the anode or cathode surface. 

Then breakdown of the gas leads to plasma discharge events. The ions with high energy 

could be formed inside the discharges by electron avalanche effect. These energetic ions 

migrate towards the electrode and combine with metal atoms to form the saturation layer, 

like carburizing and nitriding 1. The PES process will not be reviewed in detail in this 

dissertation.  

The ‘type-b’ plot represents the formation of oxide films on the anode, including classic 

anodizing (up to U5) and PEO (U5-U7). The metal-dielectric-gas-electrolyte system with a 

‘type-b’ current-voltage behavior will be reviewed in detail. 
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Figure 2-2 Two kinds of current-voltage curves of plasma electrolysis processes: (a) 

plasma electrolytic saturation and (b) plasma electrolytic oxidation. Adapted from 1. 

Firstly, the passive film (typically an oxide scale) was formed in the region 0-U4. In this 

stage, the system obeys the Faraday’s law and the Ohm’s law. Thus, a proportional increase 

of current along with the rise of voltage could be observed. At U4, the passive film begins 

to dissolve and thus the current is increased, as demonstrated by the current peak at this 

point. As the applied voltage continues to increase (U4-U5), a porous oxide film forms with 

increased thickness and thus increased impendence. Therefore, the current drops. As this 

stage, conventional anodizing occurs (taking titanium as an example): 

Ti →  Ti4+ + 4e−          (2.1) 

Ti4+ + 2O2− → TiO2         (2.2) 

Ti4+ + xOH− → [TiOHx]gel
n−         (2.3) 
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[TiOHx]gel
n− → Ti(OH)4 + (x − 4)OH−      (2.4) 

At point U5, the electric field strength in the oxide film reaches a critical value beyond 

which the dielectric breakdown occurs due to impact or tunneling ionization 44,45. Therefore, 

this point marks the boundary between conventional anodizing and plasma electrolytic 

oxidation. In the sparking region, numerous tiny sparks moved rapidly across the surface 

of the oxide film, promoting the growth of the oxide film. Further increasing the voltage to 

U6, the thermal ionization could occur which could lead to short-lived but larger arcing 

discharges with high temperature and pressure. The metal is melted by the high temperature 

discharges at the metal-oxide interface. The melted metal was ejected by the high pressure 

through the discharge channels into the oxide-electrolyte interface where it reacts with the 

electrolyte species, forming metal oxides and hydroxides. The formed metal oxides and 

hydroxides were deposited back on the anode surface and formed circular areas. 

Meanwhile, the gas liberation escaped through the discharge channels, leaving holes in the 

centers of these circular areas like the volcano. These volcano-like morphologies are 

usually called as ‘pancake structure’ 46,47 or ‘crater’ 48–51, as shown in Figure 2-3. 
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Figure 2-3 Scanning electron micrographs showing the surface of coatings formed on 

Zircaloy-2 alloy in an electrolyte containing 8 g/L NaAlO2 and 1 g/L KOH for 30 min. 

Adapted from 52. 

Melting and ejecting of metals, plasma assisted chemical reactions between ejected metals 

and electrolyte species, melting, solidification, sintering and densification of formed metal 

oxides simultaneously and repeatedly occurred in the relatively weak (thinner) regions of 

the coating during the PEO process. Therefore, the overall coating thickness is pretty 

uniform 53–60. 

Above point U7, the extremely strong arcing discharges formed throughout the coating. 

These arcing discharges are so strong that they might cause destructive effects such as 
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thermal cracking of the coating. Figure 2-4 illustrates the evolution of discharge events 

during the PEO process on Zircaloy-2 alloy in an electrolyte that contains 8 g/L NaAlO2 

and 1 g/L KOH 52. 

 

Figure 2-4 Evolution of discharge events during the PEO process on Zircaloy-2 alloy in an 

electrolyte containing 8 g/L NaAlO2 and 1 g/L KOH. Adapted from 52. 

2.3 PEO process parameters 

The surface morphology and microstructure of the PEO coating are affected by many 

parameters including composition of electrolyte, current mode, substrate materials, 

processing time and so on. Here, a brief review of the studies of process parameters is given. 

2.3.1 Electrolyte composition 

Yerokhin 1 has summarized six groups of electrolytes that can be used for the PEO process 

based on their current-voltage behavior, as shown in Figure 2-5: 

1. Solutions of salts that provide fast dissolution of metals, like NaCl, NaClO3, NaOH, 

NaNO3. 

2. Electrolytes providing slow metal dissolution, such as H2SO4, (NH4)2S2O8, Na2SO4. 

3. Electrolytes providing metal passivation in a close range of voltages, including sodium 

acetate. 
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4. Fluoride electrolytes, which have complex behavior. 

5. Electrolytes promoting slight metal passivation. 

6. Electrolyte promoting strong passivation of metal, e.g., phosphoric acids, phosphates 

of alkaline metals (which can form polymer anions), salts of carbonic, boric acids and 

inorganic polymers (such as silicates, aluminates, tungstates, molybdates). 

 

Figure 2-5 Current-voltage behavior of electrolytes tested for PEO treatment of aluminum. 

(1) fast metal dissolution, (2) slow metal dissolution, (3) metal passivation in narrow 

voltage interval, (4) complex behavior of fluoride electrolytes, (5) slight passivation and 

(6) strong passivation of metal. Adapted from 1. 

From the viewpoint of contribution to the coating composition, the electrolyte could also 

be divided into four groups 1: 

(a) Solutions that only provides oxygen species. 
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(b) Solutions containing anionic species involved in the coating. 

(c) Solutions containing cationic components involved in the coating. 

(d) Suspensions providing cataphoretic transport of microparticles or nanoparticles that 

contributed to the coating composition. 

Electrolytes contain silicates and phosphates, which promote strong metal passivation, are 

most widely used for the PEO process. These constituents decrease the breakdown voltage 

and increase the coating growth rate by incorporation of SiO3
2- into the coatings 61–64. 

Coatings with mullite phase has been deposited on the aluminum alloys by PEO treatment 

in electrolyte containing sodium silicate and might be useful for thermal management 

application since they have very low thermal conductivities 38,39,41. It has been reported that 

the coating prepared in alkaline electrolytes containing sodium silicate (e.g., 2-20 g/L 

Na2SiO3 and 2-4 g/L KOH) had a thick and dense inner layer, which contains mainly α- 

and γ-Al2O3 phases. Complex Al-Si-O phases could also be observed in the coating. Table 

2-1 summarized the effects of electrolyte compositions used in PEO process on the phase 

compositions of the coatings produced on aluminum alloys. 
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Table 2-1 Electrolyte compositions and phase compositions of the produced coatings. 

Reference Substrate Electrolyte composition 
Phase composition of produced 

coating 

Ref 65 Al 6082 1 g/L KOH α-Al2O3 and γ-Al2O3 

Ref 66 Al 2024 20 g/L Na2SiO3 
γ-Al2O3 dominant, α-Al2O3, 

mullite and δ-Al2O3 

Ref 67 Al 2017A 
0-8 g/L Na2SiO3 and 2 

g/L KOH 
α-Al2O3, γ-Al2O3 and mullite 

Ref 68 Al 
30 g/L Na2SiO3 and 10-

40 g/L KOH 

α-Al2O3, γ-Al2O3, mullite and 

Al2SiO5 

 

Incorporating inorganic chemical in an electrolyte sometimes could enhance the solution 

conductivity, promote the metal passivation, increase the stability of electrolyte and 

improve the coating performance. It has been reported that addition of Na2WO4 reduced 

the breakdown voltage of PEO process and produced denser, thicker and more corrosion 

resistant coatings 69–72. 

Micro- and nanoparticles could also be incorporated into the coatings by cataphoretic 

effects, i.e., particle transfer to the electrodes by strong electric fields during PEO process. 

Several kinds of additives, including hard and high melting point particles like SiC and 

ZrO2, dry lubricants such as MoS2 and graphene, photocatalytic particles like TiO2 and 

Fe2O3, and coloring agents could be added into the electrolyte. For example, blue coatings 

on Mg-Li alloy could be achieved by adding titania sol 73, black coatings were formed on 

aluminum alloy with K2TiF6 
74. 

It has been reported that coatings formed on Al and Mg alloys with incorporation of ZrO2, 

CeO2 and SiC nanoparticles have higher adhesion to the substrate, lower porosity, higher 

wear and corrosion resistance 21,63,75–82. Carbon nanotubes and graphene/graphene oxide 

added into the electrolyte could also reduce the pore size and thus increase the wear and 
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corrosion resistance of produced coatings when compared with coatings produced in 

conventional electrolytes 83–91.  

Incorporation of TiO2, WO3, SnO2, CdS, ZnO and Fe2O3 nanoparticles into the PEO 

coating produced on titanium metals could modify the band structure and enhance charge 

separation property of the coating. Therefore, the photocatalytic properties of the produced 

coatings could be significantly improved 92–99. 

Inspired by above literature, the electrolyte chosen in the present project contains sodium 

aluminate and sodium phosphate, which belongs to type 6-(b). It could provide strong 

passivation of the iron and copper metals and the anionic species (AlO2
-) would also 

contribute to the coating composition. 

2.3.2 Current mode 

Current mode plays a key role in the PEO process. Various types of current mode have 

been applied and investigated in PEO treatment, including AC, DC and pulsed DC, as 

shown in Figure 2-6. 
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Figure 2-6 Various types of current modes used in PEO process. (a) alternating current 

(AC), (b) direct current (DC), (c) unipolar pulsed current, (d) bipolar pulsed current. 

Here, 𝑡𝑜𝑓𝑓 represents the period when the current pulse is off, 𝑡𝑜𝑛
+  and 𝑡𝑜𝑛

−  represent the 

periods when the anodic and cathodic current pulses are on, respectively. 

It is generally agreed that the coating morphologies are greatly influenced by the applied 

current density of DC mode. When applied current increased, the coating growth rate 

would increase, accompanying with increase of surface roughness 20. The average pore 

diameter and overall porosity would also increase with higher current density. Khan et. al. 

100 reported that the coatings produced under higher current density (20 A/dm2) on Al alloys 

have higher α-Al2O3 phase composition when compared with coating produced at lower 

current density (5 A/dm2). They also reported a decreased residual stress within the 
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coatings as the applied current density increased. Similar results have been reported for Mg 

alloys 101. 

Apart from the DC mode, AC and pulsed current mode have attracted more interest because 

they provide better coating quality, which should be related to the absence of long-living 

large discharges as found under DC mode 102,103. It has been reported that under unipolar 

mode, the average pore size is much smaller than that under DC mode 104. Xin el. al. 105 

also claimed the bond strength of the coating to the substrate was improved by the unipolar 

mode. Increasing corrosion resistance was also achieved by the AC and pulsed current 

mode 104,106,107. For AC and pulsed current mode, frequency or pulse frequency is an 

important factor that affects the coating properties. According to Figure 2-6, the pulse 

frequency could be defined as: 

For unipolar pulsed current mode:  

𝑓𝑢 =
1

𝑡𝑜𝑓𝑓+𝑡𝑜𝑛
   (2.5) 

or 

for bipolar pulsed current mode:  

𝑓𝑏 =
1

𝑡𝑜𝑛
+ +𝑡𝑜𝑓𝑓

+ +𝑡𝑜𝑛
− +𝑡𝑜𝑓𝑓

−     (2.6) 

Another important factor that will influence the coating properties is duty cycle, which 

could be defined as: 

For unipolar pulsed current  

𝛿 = 𝑡𝑜𝑛𝑓𝑢   (2.7) 

For positive duty cycle of bipolar pulsed current: 

𝛿+ = 𝑡𝑜𝑛
+ 𝑓𝑏   (2.8) 

And negative duty cycle of bipolar pulsed current: 
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𝛿− = 𝑡𝑜𝑛
− 𝑓𝑏   (2.9) 

 

Figure 2-7 Scanning electron microscope images of the surface morphologies of the 

ceramic coating produced on ZK60 Mg alloy in electrolyte contains 8 g/L sodium 

phosphate, 3 g/L potassium hydroxide and 1 g/L sodium fluoride under different 

frequencies (bipolar current mode, duty ratio is 0.1). (a) 100 Hz, (b) 200 Hz, (c) 500 Hz, 

(d) 1000 Hz. Adapted from 108. 

Su et. al. 108 have reported that the average pore size of produced ceramic coatings reduced 

from 10 μm under 100 Hz to 2 μm under 1000 Hz. And the corrosion resistance was also 

significantly enhanced as the frequency increased. Dehnavi et. al. 109,110 systematically 

investigated influence of frequencies and duty cycles (under unipolar current mode) of 

PEO treatment on Al 6061 alloy in electrolytes contains sodium silicate. They reported that 

low duty cycles resulted in a lower concentration on the surface but more uniform 
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distribution across the coating of Si, which could be attributed to the sparks of higher 

density but less intensity, as shown in Figure 2-8.  

 

Figure 2-8 Effect of micro discharge characteristics on the distribution of silicon. (a) high 

duty cycle, (b) low duty cycle. Adapted from 110. 

Increasing the pulse on time by decreasing the frequencies and increasing the duty cycles 

would promote the γ to α-Al2O3 phase transformation 109. Mullite phase was formed at low 

frequencies, high current densities and longer treatment times. Increasing the duty cycles 

and lowering the frequencies would generate micro-discharges with higher intensity, which 

could promote absorption of Si and facilitate the formation of mullite 109. 

Under bipolar current mode, the negative biasing current would also influence the coating 

properties. Su et. al. 111 has reported that a more compact and less porous coating could be 

produced on ZK60 magnesium alloy when the negative biasing magnitude was increased. 

Similar results were reported on Ti-6Al-4V alloy 112, indicating this effect appears to be 

consistent. 

2.3.3 Substrate materials 

It is generally agreed that PEO processing is only applicable on ‘valve metals’ 113, which 

means that current can only flow in one direction in the metal-oxide-electrolyte system 114. 
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The electrons can only flow through the oxide layer in the direction from metal to 

electrolyte, which means the metal substrate is cathode. When the metal substrate is anode, 

electrons cannot flow through the oxide from the electrolyte to the metal substrate. 

Therefore, an electrical field might reach the dielectric breakdown point of the oxide layer, 

which is critical for initiation of sparks. This rectification effect at the metal-oxide junction 

is determined by the relative positions of the Fermi levels in the metal and semiconductor. 

The oxides of most ‘valve metals’ are n-type semiconductors (with large band gaps) 2, as 

shown in Figure 2-9. Their Gibbs free energies of formation are also much more negative, 

as illustrated in Figure 2-9. 

 

Figure 2-9 Plot of Gibbs free energy of formation against band gaps of selected oxides. 

Adapted from 115. 
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Much less negative Gibbs free energies of formation of iron and copper oxides indicate 

less thermodynamic tendency of formation. The iron and copper oxides are p-type 

semiconductors with relatively small band gaps, which means electrons could flow through 

the oxide scale when the metal was anode. Thus, the charges would not build up across the 

oxide scale, which means PEO process cannot be readily applied on the iron and copper 

metals. 

2.3.4 Influence of processing time 

The influence of processing time on the coating properties has multiple aspects. The 

coating thickness generally increases with increased processing time. However, different 

increment behaviors have been observed. For example, Hussein et. al. 59 reported a linear 

relation between coating thickness and processing time, while nonlinear behavior was 

observed by Wang et. al. 116, as shown in Figure 2-10. 

 

Figure 2-10 (a) linear (adapted from 59) and (b) nonlinear (adapted from 116) relations 

between the coating thickness and processing time. 

It has been reported that the overall porosity and average pore size of the coating generally 

increased as the processing time increased 57,117. 
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2.4 PEO coating properties 

PEO coatings have been reported to possess high hardness, good corrosion and wear 

resistance, excellent adhesion to the substrate, high thermal shock resistance and low 

thermal conductivity. These properties, which are reviewed in detail below, make the PEO 

coatings suitable for automotive, aerospace, construction, oil and gas processing industries. 

2.4.1 Hardness  

Published studies on PEO coated aluminum alloys in alkaline electrolytes 65–68,109 suggests 

that the coating consists mainly of α-Al2O3 and γ-Al2O3. Mullite phase can also be 

produced in electrolytes containing sodium silicate 41,66–68,110. By optimizing the current 

density, duty cycle and frequency, it is possible to promote the γ to α-Al2O3 (with higher 

hardness) phase transformation during PEO process 109. The hardness range of PEO 

coatings have been reported as 900-2000 HV 49,102. 

2.4.2 Wear resistance 

Wear resistance of the coating mainly relies on the hardness. Therefore, coatings with 

higher α-Al2O3 phase composition would demonstrate higher wear resistance 118. A 

comparative study between PEO and hard anodized coatings on Al 6061 alloy shows that 

the wear resistance of PEO coating is much higher than that of the hard anodized coating 

119. The abrasive wear resistance of PEO coating is reported to be comparable to that of 

tungsten carbide composites, boride diffusion coatings 1. In recent year, PEO treatment has 

been applied on the aluminum cylinder to replace the cast iron liner, in order to reduce the 

weight of automobiles and thus decrease the fuel consumption and exhaust emissions. 
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2.4.3 Corrosion resistance 

Light metals, like magnesium and aluminum, are susceptible to corrosion. PEO treatment 

can greatly enhance the corrosion resistance of these alloys. It has been reported that a 

three-layer structure exists in the PEO coating: (1) the dense inner layer, which could act 

as barrier layer for corrosion resistance; (2) the function layer with high hardness and low 

porosity, which could bear the load and account for the wear resistance; (3) porous outer 

layer. Since the corrosive medium can penetrate the pores and micro cracks of the outer 

layer and function layer, the corrosion resistance of the PEO coating should mainly rely on 

the dense barrier layer, which has been confirmed by the electrochemical impedance 

spectroscopy (EIS) studies on PEO coated magnesium, titanium and aluminum alloys 19,120–

123. 

In order to further improve the corrosion resistance, pores and micro cracks could be sealed 

by dipping the coated samples into organic sealants, like polypropylene 124, and inorganic 

sealants using sol-gel method 125–127. 

2.4.4 Thermal conductivities 

Curran et. al. 38,41 have measured the thermal conductivities of PEO coatings on aluminum 

and magnesium alloys. They reported thermal conductivities of the PEO coatings are at 

least one order of magnitude lower than the values of corresponding bulk materials. 

Thermal conductivity values as low as ~0.8 W/(m·K) have been found for PEO coatings 

on magnesium 38. Mullite-rich coatings on aluminum alloys can be as thick as 200 μm, 

which might be used as thermal barrier coatings. 
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2.5 Recent progress of PEO process on non-valve metals and their alloys 

As reviewed in section 2.3.3 substrate materials, the Gibbs free energies of formation of 

iron oxide and copper oxide are much less negative (less thermodynamic tendency of 

formation). The iron and copper oxides are p-type semiconductors with relatively small 

band gaps. Therefore, electrons could flow through the oxide scale when the metal was 

anode and the charges would not build up across the oxide scale, which means PEO process 

cannot be readily applied on the iron and copper metals. 

On way to carry PEO process on iron alloys is to combine PEO process with the hot-

aluminizing 128,129. That is deposit a thin layer of aluminum on the surface of iron alloys by 

hot-dipping or thermal spray. Then the PEO process could be carried on the aluminized 

iron alloys. However, PEO process in this method actually occurred on the surface of 

aluminum instead of iron.  

Recently, a few published studies reported the direct formation of ceramic coatings on the 

iron alloys by PEO process in electrolytes containing sodium aluminate 130,131. Composite 

coatings consist of FeAl2O4, Fe3O4 and Al2O3 have been formed. The coated samples have 

much higher wear and corrosion resistance when compared with the iron alloys. Li et. al. 

132 comprehensively investigated the PEO process, especially the mechanism for coating 

formation and the order of breakdown events, in dilute sodium aluminate and sodium 

phosphate solution (8 g/L NaAlO2 and 2 g/L Na2H2PO4) under extremely high voltage (> 

700 V). In this paper, they have reported the initiation of plasma discharges at ~700 V with 

a duty cycle of 5%. After 30 mins, the final voltage reached to 800 V and the coating 

thickness could be as high as ~80 μm. The EDS analysis indicates that the passive film 

formed during the PEO process (at ~600 V) mainly consists of Al and O with small amount 
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of P and Fe. They proposed that the passive film should be aluminum phosphates or 

Al2O3/AlPO4 and plays an important role for initiation of PEO process on carbon steel, as 

shown in Figure 2-11. 

 

Figure 2-11 Schematic illustration of the PEO of the carbon steel in 8 g/L NaAlO2 and 2 

g/L NaH2PO4. (a) The sample before the application of anodic current. (b) The moment 

after the application of anodic current. (c) The deposition of an aluminum phosphates or 

AAP layer on the steel surface. (d) The initiation of plasma discharges through the 

breakdown of the dielectric layer. (e) Stable discharges at later stage of PEO. Adapted from 

132. 
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2.6 Summary  

Ferrous alloys are usually vulnerable to corrosion. The global cost of corrosion in 2013 

was reported to be $2.5 trillion, 3.4% of the global GDP. Severe business interruption 

always happens due to equipment and assets failure. Traditional methods to prevent 

corrosion include phosphating, zinc plating and chromium plating. However, the 

electrolyte used for phosphating process contains toxic sodium nitrite 133. The waste 

solutions contain a lot of PO4
3- and NO3

-, which have negative impact on eco-systems 134. 

Zinc and chromium plating would also cause environmental impacts, like zinc pollution 

135.In contrast with the lack of understanding of PEO processes on ferrous alloys with 

medium applied voltages, the ferrous alloys are still the most widely used metallic 

materials in modern society. 

Compared with phosphating, zinc plating and chromium plating, PEO process is eco-

friendly. The prepared ceramic coatings have high chemical stability, high wear and 

corrosion resistance, high thermal shock resistance and low thermal conductivity. As 

discussed above, Li et. al. 132 focused on the PEO process in dilute sodium aluminate and 

sodium phosphate solution under extremely high voltage (> 700 V). Such high voltages are 

strictly regulated in industrial production and we always want to keep the applied voltages 

into a medium range (< 600 V). Wang et. al. 130, 131 have prepared the ceramic coating on 

carbon steel with medium applied voltages, but the process mechanism was not 

investigated, especially for the characterization of passive film formed under this condition.  

Therefore, it is still needed to develop a modified PEO process which can work on the 

ferrous alloys under medium voltages. The current-voltage behavior during the process, 

the passivation mechanism and the microstructure of the coating will be studied in detail. 
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The coating’s wear, corrosion and thermal related properties are also going to be 

comprehensively studied. 
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3. CHAPTER 3 Study of Plasma Electrolytic Aluminating Process Using the 

Taguchi Experimental Design and ANOVA analysis 

3.1 Introduction 

Because of the cost-effectiveness, environmentally friendliness and superior surface 

properties, anodic plasma electrolysis has attracted tremendous attention for the surface 

engineering of metals. Anodic plasma electrolysis could be divided into two main 

categories: plasma electrolytic oxidation (PEO) and non-oxidizing treatments with vapor-

gaseous envelope 1, based on the conductive properties of the oxides that are formed on the 

surface of the substrate. PEO is thought to be suitable for the “valve metals”, which form 

n-type oxides or insulators (Al2O3, TiO2, MgO, ZrO2, ZnO). On the other hand, anodic 

dissolution, known as plasma electrolytic polishing (PEP) 2,3, dominates for the non-valve 

metals which form oxides of p-type semiconductors. A well-accepted definition of “valve 

metals” is that the current cannot flow through the oxide layer when the metal is anode 3,4. 

PEO has been successfully applied on Al 5–8, Mg 9–12, Ti 13–16, Zr 17–20, Ta 21–24 and their 

alloys for deposition of multi-functional coatings.  

As for the non-valve metals, PEO is normally considered not applicable since stable plasma 

discharges cannot be easily established in this case 4. The unsuitability for non-valve metals 

is one of the major obstacles to wide application of PEO. In recent years, several papers 

have been published on the PEO of carbon steel and cast iron in the electrolyte contains 

sodium aluminate and sodium phosphate 25–27. Recent studies demonstrate that the 

electrolyte species contribute to build the passive layer on the iron surface 28, thus this 

process could also be termed as plasma electrolytic aluminating (PEA). However, the 

reported study 28 have revealed that extremely high voltage (> 700 V) is required to realize 



 

55 

 

the PEO process on carbon steels in the dilute solution of sodium aluminate and sodium 

phosphate.  To be practically used for industry application, the applied voltage needs to be 

lowered (< 600 V). In our primary experiments, we have found that the most effective way 

to lower the voltage required for initiation of plasma discharge is to increase the 

concentration of sodium aluminate. Therefore, we mainly focused on the influence of the 

composition of electrolyte on the coating’s properties in this work to develop a medium-

voltage-plasma-electrolysis process, which is aiming for practical industry applications. 

The applied voltage and processing time were fixed at 500 V and 600 s, respectively. The 

influence of applied voltage and processing time would be part of future works.  

In this work, the Taguchi design of experiment and ANOVA analysis were used to 

investigate the PEA process. The parameter factors chosen for this study include the 

concentration of NaAlO2 (C = 10 g/L, 20g/L and 30 g/L while the concentration of Na3PO4 

was kept being 5 g/L), the frequency (f: 500 Hz, 750 Hz, 1000 Hz) and duty cycle (δ: 0.2, 

0.3, 0.4) of the unipolar pulsed power supply. Properties such as hardness, corrosion 

resistance and thickness were selected as three individual responses. The contribution of 

each factor was determined by the ANOVA analysis. 

3.2 Experimental details 

3.2.1 Taguchi design of experiment 

For experimental design of process parameters, three parameters, including the 

concentration of NaAlO2 (C), the frequency (f) and duty cycle (δ) of the unipolar pulsed 

power supply, were chosen.  
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The three factors with three levels are listed in Table 3-1. The experimental layout using 

L9 orthogonal array is given in Table 3-2. Two sets of the Taguchi experiments were 

conducted to ensure the reliability of experimental data for signal-to-noise analysis. 

Table 3-1 Design factors and levels. 

Level 
Factor 

C (g/L) f (Hz) δ 

1 10 500 0.2 

2 20 750 0.3 

3 30 1000 0.4 

 

Table 3-2 Designed L9 orthogonal array of experiment plans. 

Experiment NO. C (g/L) f (Hz) δ 

1 10 (A1) 500 (B1) 0.2 (C1) 

2 10 (A1) 750 (B2) 0.3 (C2) 

3 10 (A1) 1000 (B3) 0.4 (C3) 

4 20 (A2) 500 (B1) 0.3 (C2) 

5 20 (A2) 750 (B2) 0.4 (C3) 

6 20 (A2) 1000 (B3) 0.2 (C1) 

7 30 (A3) 500 (B1) 0.4 (C3) 

8 30 (A3) 750 (B2) 0.2 (C1) 

9 30 (A3) 1000 (B3) 0.3 (C2) 

 

To minimize the influence of the variation of characteristics, the Taguchi method 29–32 uses 

signal-to-noise (S/N) ratio instead of the average value to interpret the data of trial 

experiments. The signal-to-noise(S/N) ratio is converted from the data of trial experiments, 

which consolidated several repetitions into one value and reflected the degree of variation. 

In other words, the S/N ratio represents both the average and the variation of the selected 

responses. Therefore, the S/N ratio is suitable for the optimization analysis. Based on the 

desired responses, several S/N ratio definitions are available 29: lowest is best (LB, seeking 
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for lowest response), nominal is best (NB, looking for response close to specific value), 

and highest is best (HB, looking for highest response). In the present study, the hardness, 

corrosion resistance and thickness of the coatings were intended to be maximized, the S/N 

ratio for HB characteristics was selected, which was be calculated as follows: 

𝑆/𝑁𝐻𝐵 = −10 log (
1

𝑛
∑

1

𝑇𝑖
2

𝑛

𝑖=1

)                (1) 

where n is the repetition number of trials; 𝑇𝑖 is the value of response of the ith trial. For the 

optimal setting of each factor, the level with the largest S/N ratio was chosen. 

The optimization of PEA process with multiple responses could be carried out with a 

weighting method: 

𝑋 = 𝑌 × 𝑍  (2) 

where 

𝑋 = [

𝜂1𝑐
𝜂2𝑐

⋮
𝜂9𝑐

], 𝑌 = [

𝜂11 𝜂12 𝜂13
𝜂21

⋮
𝜂22

⋮
𝜂23

⋮
𝜂91 𝜂92 𝜂93

],  𝑤 = [

𝑤1

𝑤2

𝑤3

]  (3) 

and 

∑ 𝑤𝑖
3
𝑖=1 = 1  (4) 

where 𝑤1  , 𝑤2 and 𝑤3  are the weighting factors of hardness, corrosion resistance and 

thickness of the coatings, respectively; 𝜂𝑗𝑐  is the multi-response S/N ratio of the jth 

experiment; 𝜂𝑗𝑖 is the ith single response S/N ratio of the jth experiment; 𝑤𝑖 is the weighting 

factor in the ith response.  

The objective function was formulated as following: 

Maximaze 𝑓(𝑋) = 𝑤1𝜂ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠 + 𝑤2𝜂𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 + 𝑤3𝜂𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠  (5) 
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The above objective function summarizes the hardness, corrosion resistance and thickness 

of the coatings. Generally, all these three characteristics are desired to be high. However, 

in actual manufacturing process, for different engineering applications, the three 

characteristics should be considered as different critical roles by weighting factors. When 

wear resistance becomes critical, a high weighting factor of hardness needs to be 

considered. When corrosion is the major concern, corrosion resistance should have a higher 

weighting factor. A high weighting factor should be assigned to thickness when high 

productivity is required to reduce the cost. As an example, the case with weighting factors 

as 0.5:0.5:0 is selected to demonstrate the optimization of coating’s mechanical and 

electrochemical properties. Another case of 0.4:0.4:0.2 is also discussed to demonstrate the 

process with moderate mechanical and electrochemical properties and high productivity. 

3.2.2 Analysis of variance (ANOVA) 

The purpose of the analysis of variance is to investigate the contribution of each factor to 

every single response as well as the multi-response. The ANOVA was established based 

on the sum of the square (SS), the degree of freedom (D), the variance (V), and the 

percentage of the contribution to the total variation (P).  

Sum of squares (SS): the sum of square SS could be calculated from S/N ratio values for 

a specific response: 

SST = ∑ 𝜂𝑖
2

m

i=1

−
1

m
[∑ 𝜂𝑖

m

i=1

]

2

                (6) 

SSP = ∑
(𝑆𝜂𝑗

)
2

𝑡

m

i=1

−
1

m
[∑ 𝜂𝑖

m

i=1

]

2

                (7) 
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where m is the number of the tests (m= 9); t is the repetition times of jth level of the factor 

p; Sηj
 is the sum of the S/N ratios of factor p at level j. 

Degree of freedom (D): D denotes the number of independent variables. The degree of 

freedom for each factor (DP) is the number of its levels minus one. The total degrees of 

freedom (DT) are the number of total numbers of the result data points minus one. 

Variance (V): Variance is defined as the sum of squares of each trial sum result involved 

the factor, divided by the degrees of freedom of the factor: 

Vp (%) =
SSP

DP
× 100                        (8) 

The corrected sum of squares (𝐒𝐒𝐏
′ ): SSP

′  is defined as the sum of squares of factors minus 

the error variance times the degree of freedom of each factor: 

SSP
′ =  SSP − DPVe                         (9) 

Ve is the error of variance and can be calculated as: 

Ve =
SST−∑ SSpp

SST
   (10) 

Percentage of the contribution to the total variation (P): Pp denotes the percentage of 

the total variance of factor p, i.e., the contribution of factor p to the specific response: 

Pp (%) =
SSP

′

SST
 × 100                       (11) 

By replacing the S/N ratio of the specific response (𝜂𝑖) with the multi-response S/N ratio 

(𝜂𝑖𝑐), the contribution of each factor to the multiple characteristics could be evaluated. 

3.2.3 Experimental procedures  

Plasma electrolytic oxidation on grey cast iron: Set of compacted graphite iron samples 

(0.2-1% Mn, 2.5-4% C, 1-3% Si, <0.25% S, <0.1% P, and Fe balance) with dimension 
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20*20*5 mm3 were polished with #1200 abrasive paper. Then the polished samples were 

ultrasonically cleaned in ethanol and rinsed with distilled water. The sample (anode) was 

immersed in electrolyte (< 25 ℃) in stainless steel vessel (cathode). A unipolar pulsed DC 

power supply was used. After 12 s of ramping, the voltage was kept at 500 V for 600 s. 

After taking out from the electrolyte, all samples were dried at 60 ºC. The composition of 

electrolyte, frequency and duty cycle of the DC power supply follow the parameters listed 

in Table 3-2. For each set of parameters, two samples were prepared. 

Characterization of coatings: The hardness of the coating was measured by Vickers 

hardness tester (Wilson VH1102) on the cross-sections with an applied load of 0.5 N and 

a holding time of 12 s. For each sample, 10 measurements were conducted, and the average 

hardness was calculated. The thickness of the coating was measured on the cross-sections 

by the optical microscope. For each sample, 10 measurements were conducted, and the 

average thickness was calculated. Potentiodynamic polarization tests were carried out from 

-0.5 V to 0.5 V with respect to the open circuit potential (Eoc) at a scan rate of 1 mV/s 

(BioLogic SP-150). All electrochemical tests were carried out in 3.5% NaCl solution at 

room temperature. Ag/AgCl (KCl saturated) and Pt wire were selected as reference 

electrode and counter electrode, respectively. The working surface area for each specimen 

was chosen to be 0.5 cm2. Polarization resistances (Rp) were determined with Stern-Geary 

equation:32 

𝑅𝑝 =
𝛽𝑎×𝛽𝑐

2.303×(𝛽𝑎+𝛽𝑐)×𝑖𝑐𝑜𝑟𝑟
    (12) 

The corrosion current density (icorr), cathodic and anodic Tafel constants (βc and βa) could 

be obtained from Tafel-fitting of the polarization curves. 
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3.3 Results and discussion 

Coating properties and multi-response S/N ratios  

The coating’s properties, including hardness, polarization resistance and thickness, are 

listed in Table 3-3. The S/N ratio for HB characteristics was used. The S/N ratios of these 

properties were given in Table 3-4. The response of each factor to its individual level was 

calculated by averaging the S/N ratios of all experiments at each level for each factor. 

Table 3-3 Properties of deposited coatings. 

Experiment 

NO. 

Average hardness 

(HV) 

Polarization resistance 

(kΩ·cm2) 

Average thickness 

(µm) 

Sample 

1 

Sample 

2 
Sample 1 Sample 2 

Sample 

1 

Sample 

2 

1 385.0 385.7 119.1 133.9 22 24 

2 484.7 507.3 172.5 179.2 29 28 

3 448.4 519.5 159.2 180.6 35 37 

4 525.5 583.6 182.9 205.2 46 48 

5 700.6 650.4 254.6 219.4 40 41 

6 810.9 832.9 291.6 300.4 34 36 

7 291.8 300 104 99.1 31 30 

8 319.1 308.2 114.3 109.9 22 20 

9 335.6 321.3 119.8 106.3 26 24 

 

Table 3-4 The S/N ratio of objectives and Multi-response S/N ratio. 

Experiment 

NO. 

S/N ratio 

(average 

hardness) 

S/N ratio 

(polarization 

resistance) 

S/N ratio 

(average 

thickness) 

Multi-response 

S/N ratio (w1=0.5, 

w2=0.5, w3=0) 

1 51.72 42.00 27.21 46.86 

2 53.90 44.90 29.09 49.40 

3 53.63 44.55 32.12 49.09 

4 54.84 45.72 33.44 50.28 

5 56.57 47.42 32.15 52.00 

6 58.29 49.42 30.87 53.86 

7 49.42 40.13 29.68 44.77 

8 49.92 40.99 26.41 45.46 

9 50.32 41.02 27.94 45.67 
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In order to figure out the influence of each factor on each response, Figure 3-1 depicts the 

S/N ratios for average hardness, polarization resistance and average thickness. It is noted 

that the S/N ratios for average hardness and polarization resistance had similar trends, 

because both properties closely related to the porosity of the coating. The lower the porosity, 

the higher the average hardness and polarization resistance. As show in Figure 3-1, the 

mean S/N ratio for factor A (C, concentration of NaAlO2) increased with the C from 10 

g/L (level 1) to 20 g/L (level 2) and decreased with further increasing of C up to 30 g/L 

(level 3).  

We have done several trials with various concentrations of NaAlO2. When the 

concentration of NaAlO2 is 5 g/L (dilute solution), there was no plasma discharge occurred. 

This observation was consistent with the Li’s work in dilute electrolyte 28. They have 

reported that the plasma discharges initiated at ~700 V 28, which is far beyond the capability 

of our power supply (Max. 600 V). Therefore, dilute solutions cannot be used for the 

PEO/PEA process on ferrous alloys with medium applied voltages (<600 V). On the other 

hand, severe bumps and pillar-like structure could be observed when the concentration of 

NaAlO2 is 40 g/L. The coating’s surface was very rough and inhomogeneous. Two more 

trials were carried with the solution solely containing NaAlO2 and solution solely 

containing Na3PO4, respectively. It turns out that ceramic coatings could be obtained in the 

electrolyte only containing NaAlO2, but the coating surface was very rough and 

inhomogeneous. Meanwhile, no plasma discharge was observed in the electrolyte only 

containing Na3PO4, no coating was formed either. Therefore, NaAlO2 is indispensable for 

the deposition of the ceramic coating while Na3PO4 could improve the quality of the 

coating. 
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Based on the existed literatures 33 and our experimental results, the procedure of formation 

of the ceramic coating and the potential function of the Na3PO4 during this procedure are 

discussed. During the coating deposition process, following indirect deposition reaction 

should dominates since the concentration of water molecules is much higher than that of 

aluminate ions: 

𝐻2𝑂 →  
1

2
𝑂2 ↑  + 2𝐻+ +  2𝑒−   (11) 

2𝐴𝑙(𝑂𝐻)4
− + 2𝐻+  → 2𝐴𝑙(𝑂𝐻)3 ↓  + 2𝐻2𝑂 →  𝐴𝑙2𝑂3 +  5𝐻2𝑂  (12) 

It is well known that the hydrolysis products of aluminate ions strongly rely on the pH 

values 33: the monomer aluminate ions prevail when pH > 13; at pH 9.3-12.8 the polymers 

with the composition [𝐴𝑙(𝑂𝐻)4]𝑛(𝑂𝐻)2
(𝑛+2)−

 are formed. When pH < 9.3, rapid 

precipitation of aluminum hydroxide would dominate. It needs to point out there is another 

pH-related balance reaction for phosphate ions in the electrolyte: 

𝑃𝑂4
3− +  𝐻+  →  𝐻𝑃𝑂4

2−  (13) 

𝐻𝑃𝑂4
2− +  𝐻+  →  𝐻2𝑃𝑂4

−  (14) 

The pKa values for reactions (13) and (14) are 12.37 and 7.20, respectively. Therefore, the 

effect of phosphate ions is to stabilize the localized pH value near the anode surface and 

control the rate of precipitation of aluminum hydroxide.  

In addition, Na3PO4 might be beneficial for uniformly depositing of passive layer and 

coating by forming the phosphate-aluminate complexes. The optimal composition of the 

electrolyte is 20 g/L of NaAlO2 and 5 g/L of Na3PO4, which could realize the balance 

between reactions (12) - (14). The passive layer and coating formed in this optimal solution 

were uniform and smooth, as shown in Figures 3-2a and 3-3a. The passive layer formed 

under this condition contains high amount of Fe (10~15 at. %), Al (20~25 at. %) and O 
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(50~60 at. %) with minor amount of P (2~3 at. %). Therefore, the passive layer should be 

mainly FeAl2O4 with a little phosphate-aluminate complexes. After the plasma sintering 

reaction, the amount of P is negligible in the ceramic coating (< 1 at. %), which means the 

P was removed during the phosphate-aluminate complexes were transformed into alumina. 

The possible reactions might involve the plasma sintering and dissolution into basic water: 

4𝑃𝑂4
3− → 𝑃4𝑂10 (𝑠) + 3𝑂2 (𝑔) + 12𝑒−  (15) 

𝑃4𝑂10(𝑠) + 12𝑂𝐻−  →  4𝑃𝑂4
3− + 6𝐻2𝑂  (16) 

 When the concentration of NaAlO2 is too high (40 g/L), the amount of phosphate ions (5 

g/L) in the electrolyte is not sufficient to stabilize the localized pH value near the anode 

surface or form the phosphate-aluminate complexes. The uncontrolled rapid precipitation 

of aluminum hydroxide could lead to loosely stacked particles with gas bubbles trapped 

inside the coating. The passive film formed under this condition is rough and 

inhomogeneous, as shown in Figure 3-2b. Bumps and pillar-like structures could be 

observed for the coating, as shown in Figure 3-3b.  

The effect of factor B (f, i.e., the frequency of the power supply) on the mean S/N ratio of 

the mechanical properties was also plotted in Figure 3-1. The mean S/N ratio rose when 

frequency increased. As f increased from the 500 Hz (level 1) to 1000 Hz (level 3), the S/N 

ratio increased from 51.99 to 54.08 for mechanical property (average hardness) and from 

42.61 to 45.00 for electrochemical property (polarization resistance), respectively. This 

might be due to the lower porosity, which could be generated from shorter pulse duration. 

For factor C (δ, i.e., the duty cycle of the power supply), as δ increased from level 1 to level 

2, the S/N ratio decreased slightly. Further increasing the duty cycle led to negligible 
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increase in the S/N ratio, which suggested that the influence of δ on the coating’s 

mechanical and electrochemical properties is insignificant. 

 

Figure 3-1 S/N ratio graphs for (a) average hardness, (b) polarization resistance, and (c) 

average thickness. 
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Figure 3-2 Surface morphology of the passive layer formed in electrolyte containing (a) 20 

g/L, (b) 40 g/L NaAlO2. The concentration of Na3PO4 was fixed at 5 g/L. 

 

Figure 3-3 Surface morphology of the coatings formed in electrolyte containing (a) 20 g/L, 

(b) 40 g/L NaAlO2. The concentration of Na3PO4 was fixed at 5 g/L. 

The contribution of each factor to the coating’s properties was determined by performing 

analysis of variance based on Eqs. (6) - (10). The results of analysis of variance (ANOVA) 

for each response are summarized in Tables 3-5, 3-6 and 3-7. 

  



 

67 

 

Table 3-5 Results of the ANOVA for average hardness. 

Factors 
Degree of 

freedom (D) 

Sum of 

squares 

(SSp) 

Variance 

(V) 

Corrected sums 

of squares (SSp’) 
Contribution Rank 

C 

(g/L) 
2 67.00 33.50 67.00 87.93% 1 

f (Hz) 2 8.91 4.46 8.91 11.69% 2 

δ 2 0.29 0.15 0.29 0.38% 3 

error  0.00 0.00  0  

Total  76.20   100%  

 

Table 3-6 Results of the ANOVA for polarization resistance. 

Factors 
Degree of 

freedom (D) 

Sum of 

squares 

(SSp) 

Variance 

(V) 

Corrected sums 

of squares (SSp’) 
Contribution Rank 

C 

(g/L) 
2 69.74 34.87 69.74 84.88% 1 

f (Hz) 2 11.33 5.67 11.33 13.79% 2 

δ 2 1.09 0.55 1.09 1.33% 3 

error  0.00 0.00  0  

Total  82.16   100%  

 

Table 3-7 Results of the ANOVA for average thickness. 

Factors 
Degree of 

freedom (D) 

Sum of 

squares 

(SSp) 

Variance 

(V) 

Corrected sums 

of squares (SSp’) 
Contribution Rank 

C 

(g/L) 
2 27.48 13.74 27.48 62.81% 1 

f (Hz) 2 1.69 0.85 1.69 3.86% 3 

δ 2 14.58 7.29 14.58 33.33% 2 

error  0.00 0.00  0  

Total  43.75   100%  

 

Tables 3-5 and 3-6 list the contribution of the three factors on the average hardness and 

polarization resistance, respectively. It is clear that the concentration of NaAlO2 has the 
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most significant contribution (87.93% for hardness and 84.88% for polarization resistance). 

The frequency also has some contribution (11.69% for hardness and 13.79% for 

polarization resistance). However, the duty cycle only has negligible contribution of less 

than 1%. Table 3-7 lists the contribution of the three factors on the average thickness. The 

contribution of the concentration of NaAlO2 and the frequency decreased to 62.81% and 

3.86%, respectively. On the other hand, the contribution of duty cycle increased to 33.33%. 

For pulsed DC power supply, while the frequency mainly controls the duration of a single 

pulse, the duty cycle mainly controls the total power input. The higher duty cycle, the 

higher power input. Therefore, the average thickness should strongly rely on the duty cycle 

and increase with increasing duty cycle. 

Optimal parameters for mechanical and electrochemical properties 

In order to optimize mechanical and electrochemical properties of the coating, the order of 

the performance characteristics is given as hardness (w1 = 0.5) and polarization resistance 

(w2 =0.5), and thickness (w3 = 0). With three combinations of weighting factors, the factor’s 

mean multi-response S/N ratios for each level were summarized in Table 3-8, respectively. 

For instance, the mean S/N ratio (52.05) for C at level 2 in Table 3-8 with the weighting 

factors of w1=0.5, w2=0.5 and w3=0 was the average value of the S/N ratios of experiment 

No.4 (50.28), No.5 (52.00) and No.6 (53.86) which were listed in Table 3-4. Figure 3-4 

depicts the multi-response S/N ratios for the certain case of mechanical and 

electrochemical properties optimization. By selecting the highest value of the mean S/N 

ratio for each factor, the optimal levels were determined, which were A2B3C1, i.e. C = 20 

g/L, f = 1000 Hz and δ = 0.2.  
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Table 3-8 The Factor’s Mean multi-response S/N ratio for each level. 

Level 
Mean S/N ratio for case: w1=0.5, w2=0.5, w3=0 

A (C) B (f) C (δ) 

1 48.45 47.30 48.72 

2 52.05 48.95 48.45 

3 45.30 49.54 48.62 

 

 

Figure 3-4 Multi-response S/N ratio graph for case: w1=0.5, w2=0.5, w3=0. 

Table 3-9 Results of ANOVA for the specific multi-response case: w1=0.5, w2=0.5, w3=0. 

Factors 
Degree of 

freedom (D) 

Sum of 

squares 

(SSp) 

Variance 

(V) 

Corrected sums 

of squares (SSp’) 
Contribution Rank 

C 

(g/L) 
2 68.35 34.18 68.35 86.46% 1 

f (Hz) 2 9.56 4.78 9.56 12.09% 2 

δ 2 1.13 0.57 1.13 1.43% 3 

error  0.00 0.00  0  

Total  79.05   100%  
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The contribution of each factor to multiple response was determined by performing 

analysis of variance based on Eqs. (6) - (10). The results of analysis of variance (ANOVA) 

for this specific multi-response case (w1=0.5, w2=0.5, w3=0) are summarized in Tables 3-

9. Since we do not consider the average thickness, the results are similar with the results in 

Tables 3-5 and 3-6. The most influential factor is the concentration of NaAlO2, followed 

by the frequency. The duty cycle only has negligible contribution to the mechanical and 

electrochemical properties of the coating. 

Confirmation experiment 

To confirm the optimal parameter obtained from the DOE based on the Taguchi method, 

two individual experiments were conducted. As discussed above, the designed factors 

A2B3C1 were selected as the optimal combination for mechanical and electrochemical 

properties (w1=0.5, w2=0.5, w3=0). The results from the confirmation experiment showed 

that the coating deposited under optimal parameters had an average hardness of 822 HV, 

polarization resistance of 296 kΩ·cm2 and thickness of 35 µm. Using Eqs. (1) to (5), the 

S/N ratio of multi-response of the optimized coating was calculated as 53.86 and listed in 

Table 3-10. 

Table 3-10 The S/N ratio of objectives and multi-response S/N ratio of confirmation 

experiments. 

Experiment 

S/N ratio 

(average 

hardness) 

S/N ratio 

(polarization 

resistance) 

S/N ratio 

(average 

thickness) 

Multi-response 

S/N ratio (w1=0.5, 

w2=0.5, w3=0) 

Confirmation 58.29 49.42 30.87 53.86 
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3.4 Conclusions 

Plasma electrolytic aluminating (PEA) process was successfully applied on the cast iron 

with a medium voltage (500 V) in solution containing concentrated NaAlO2 and Na3PO4. 

The NaAlO2 is the precursor of the passive layer and the coating, which is indispensable. 

Na3PO4 could help to improve the coating’s quality by acting as the buffer and complexing 

agent during the PEA process. Taguchi design of experiment was performed to study the 

influence of the concentration of NaAlO2 in the electrolyte (C), the frequency (f) and duty 

cycle (δ) of the power supply, on the hardness, polarization resistance and thickness of the 

coating. If the concentration of NaAlO2 is too high, the amount of phosphate ions in the 

electrolyte is not sufficient to stabilize the localized pH value near the anode surface or 

form the phosphate-aluminate complexes. The uncontrolled rapid precipitation of 

aluminum hydroxide could lead to loosely stacked particles with gas bubbles trapped inside 

the coating. If the concentration of NaAlO2 is too low, no plasma discharge was observed. 

For pulsed DC power supply, while the frequency mainly controls the duration of a single 

pulse, the duty cycle mainly controls the total power input. The shorter single duration, the 

lower porosity. The higher duty cycle, the higher power input. Therefore, the average 

thickness strongly relies on the duty cycle and increase with increasing duty cycle, while 

the frequency has more significant influence on the coating’s hardness and polarization 

resistance and the higher frequency led to the higher hardness and polarization resistance. 

The maximum multi-response S/N ratio (53.86) was achieved by confirm experiment with 

optimum level of A2B3C1 (C = 20 g/L, f = 1000 Hz and δ = 0.2), which had an average 

hardness of 822 HV, polarization resistance of 296 kΩ·cm2 and thickness of 35 µm. 
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4. CHAPTER 4 A New Eco-friendly Anti-Corrosion Strategy for Ferrous Metals: 

Plasma Electrolytic Aluminating 

4.1 Introduction 

Ferrous metals, including cast irons, mild steels and other iron-based alloys, have been 

widely used nowadays. However, ferrous metals are vulnerable to corrosion.  The global 

cost of corrosion was reported to be $2.5 trillion in 2013, which accounted for 3.4% of the 

global GDP.1 The fact that corrosion control can be profitable has been realized repeatedly 

by industry where severe business interruption always happens due to failures of equipment 

and assets. Traditional anti-corrosion strategies for ferrous metals include the phosphating 

and zinc plating. The phosphating serves as a conversion coating process in which a dilute 

solution of phosphoric acid and phosphate salts chemically react with the surface of the 

part being coated to form a layer of insoluble, crystalline phosphates.2 There are several 

drawbacks of the phosphating process. On one hand, the reaction generates tiny hydrogen 

gas bubbles, which adhere to the surface of the metal. These bubbles prevent the acid from 

reaching the metal surface and slow down the reaction. Therefore, sodium nitrite, which is 

toxic for humans, is frequently added to act as an oxidizing agent that reacts with the 

hydrogen.3, 4 On the other hand, the wastewater with high concentration of PO4
3- and NO3

- 

could lead to harmful algal blooms, like the green or red tides, in eco-systems.5 The post-

treatment of the phosphating process like organic painting is desired to enhance the 

corrosion resistance.6, 7 However, it sacrifices the surface hardness and wear resistance. 

Thus, the lifespan of the protective layer decreases while the cost of maintenance during 

the service increases. Zinc plating, also known as galvanization, is the process of applying 

a protective zinc coating to steel or iron.8, 9 However, corrosion will be inevitable after the 
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steel is longtime exposed to the surrounding, especially to acidic environments.10 Marine 

and salty environments can also cause the increased degradation since the highly 

conductive sea water could accelerate the dissolution of zinc into soluble zinc chloride.11 

For instance, galvanized car frames corrode much faster in the regions where road deicing 

salt is used. Degradation of galvanized steel will release a large amount of zinc ions, which 

could be the source of zinc pollution.12 The emission of zinc is now controlled through the 

Pollution Prevention and Control regulations (PPC) in UK and Council Directive 

76/464/EEC in Europe. At an international level, release of zinc is controlled through the 

OSPAR convention on protection of the marine environment of the north-east Atlantic. 

Therefore, an eco-friendly anti-corrosion strategy for ferrous metals is desired to achieve 

sustainable development of the whole society. Plasma electrolytic oxidation (PEO) is 

considered as a green coating process and has been used for corrosion protection of 

aluminum (Al) and magnesium (Mg) alloys.13 However, PEO cannot be readily applied on 

the ferrous metals because the ferrous metals hardly form a good isolating passive film on 

their surfaces to provide a prerequisite condition for the dielectric plasma discharging 

mechanism of the PEO process, unlike the Al case.14 Hercynite (FeAl2O4) and alumina 

(Al2O3) are known to be chemically stable to both acids and bases, and nontoxic to humans 

or environments. If a hercynite-alumina composite coating can be prepared on ferrous 

metals, it would be much eco-friendlier than the Zn coating. Inspired by both the 

phosphating and PEO processes, we developed a plasma electrolytic aluminating (PEA) 

process to deposit a hercynite-alumina composite coating for anti-corrosion of ferrous 

metals. PEA is a coating process during which a composite ceramic coating (hercynite-

alumina) is deposited on the surfaces of cast irons or steels with assistance of plasma 
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discharging in the aluminate-based solutions. It could be considered as a new route of 

plasma chemical reactions.13 This work also demonstrated that the hercynite-alumina 

composite coating would have high surface hardness, superior wear resistance and 

excellent corrosion resistance. 

4.2 Experimental setup 

Plasma electrolytic aluminating on grey cast iron: Set of grey cast iron samples (as 

examples of ferrous metals) with dimension 20*20*5 mm3 were polished with #1200 

abrasive paper, rinsed with distilled water and ultrasonically cleaned in ethanol. The 

sample (anode) was immersed in electrolyte (15-20 g/L NaAlO2 as a precursor and 1-5 g/L 

Na3PO4 as a buffer dissolved in deionized water, pH=12, Sigma Aldrich) in stainless steel 

vessel (cathode). A unipolar pulsed (f = 1 KHz) DC power supply was used. After 12 s of 

ramping, the voltage was kept at 480 V. After taking out from the electrolyte, all samples 

were dried at 60 ºC. 

Materials characterization: Phases and compositions of the coatings were determined by 

X-ray diffraction (XRD, PROTO AXRD) and X-ray photoelectron spectroscopy (XPS, 

Kratos Axis Nova). The microstructures of coatings were observed by scanning electron 

microscopy (SEM, FEI Quanta 200 FEG). The hardness of the coating and substrate was 

measured by Vickers hardness tester (Wilson VH1102). 

Pin-on-disk sliding wear test: Regarding the wear performance, pin-on-disk sliding wear 

tests were conducted on the blank and PEA coated samples, respectively. Before the sliding 

tests, all samples were polished to Rpk=0.22 µm. The testing conditions were dry sliding; 

Fn = 10 N; sliding velocity = 0.05 m/s and sliding distance = 120 m. SAE 52100 hardened 

steel balls (5.5 mm diameter, HRC 62) were used as the counterpart pins. 
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Corrosion test: Potentiodynamic polarization tests were carried out from -1 V to 0.5 V 

with respect to the corrosion potential (Ecorr) at a scan rate of 1 mV/s (BioLogic SP-150). 

Electrochemical impedance spectroscopy (EIS) in the frequency range between 105 and 10-

3 Hz with ±10 mV amplitude was also employed. All electrochemical tests were carried out 

in 3.5% NaCl solution, at room temperature. Ag/AgCl (KCl saturated) and Pt wire were 

selected as reference electrode and counter electrode, respectively. The working surface 

area for each specimen was chosen to be 0.5 cm2. All EIS data were analyzed using EC-

Lab software. 

4.3 Results and discussion 

Figure 4-1 shows changes of the voltage and current density vs. time during the PEA 

process, from which the process could be divided into four stages: stage I (0-6 s), stage II 

(6-12 s), stage III (12-100 s) and stage IV (100-300 s). As mentioned before, the first two 

stages correspond to the ramping period of the DC power supplier. As illustrated in the 

inset of Figure 1b, the current density increased linearly during stage I, which implies the 

system obeyed the Ohm’s law and Faraday’s law of electrolysis. Then, the current density 

increased nonlinearly and slower during stage II, which implies the formation of isolating 

film and increasing of impedance. After the ramping period of the power supplier, the 

current density decreased quickly because the growth of the coating significantly increased 

the impendence during stage III.13, 15, 16 Finally, the current density reached to a plateau of 

0.05A/cm2 during stage IV. 
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Figure 4-1 (a) Voltage and (b) current density vs. time curves during the PEA process. 

Figure 4-2 presents SEM images of the samples treated for 6 s, 12 s, and 100 s, respectively. 

As shown in Figure 4-2a, the sample surface consists of numerous platelets of deposited 

materials at the end of stage I. EDS point analysis on these platelets demonstrates high 

contents of Fe, Al and O (Figure 4-2g), which indicates possible formation of hercynite 

(FeAl2O4). A few tiny pores could be observed on the sample (Figure 4-2d), which were 

footprints of the initiation of plasma discharge. However, the plasma discharge was too 

weak to be seen by naked eyes at this point. Then, numerous small plasma discharges 

started to spread out on the sample surface during stage II. These plasma discharges 

converted some platelets into coatings with dimpled structure (Figures 4-2b and 4-2e). EDS 

point analysis on the dimpled coatings illustrates reduced content of Fe (Figure 4-2h), 
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which might be due to the formation of alumina (Al2O3). A lot of gas bubbles were also 

generated on the surface. During stage III, the plasma discharges homogeneously 

distributed and the composite coating with dimples was deposited (Figures 4-2c and 4-2f).  

 

Figure 4-2 SEM images of the samples treated for (a, d) 6s, (b, e) 12s, (c, f) 100s, 

respectively; (g) and (h) EDS spectra from marked areas in (a) and (b), respectively. 

The formation of FeAl2O4 during stage I was confirmed by XPS (Figure 4-3) and XRD 

(Figure 4-4). Fe 2p core level spectra could be deconvoluted into three peaks with the 

positions at 710.1, 713.8 and 723.7 eV. The first two peaks are corresponding to Fe2+ 2p3/2 

in FeAl2O4,
17, 18 while the last peak is corresponding to Fe2+ 2p1/2 in FeAl2O4.

19-22 Al 2p 

core level spectra only has one peak at 74.5 eV, which is consistent with the Al3+ in 

FeAl2O4.
17, 19 O 1s level spectra could be deconvoluted into three peaks with the positions 
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at 530.5, 531.9 and 532.8 eV, which represent the oxygen in Al2O3, AlO2
- and water, 

respectively.17, 23, 24 The small peak for Al2O3 indicates that the plasma ignited, and a small 

amount of alumina formed due to the high-temperature plasma discharge. As shown in 

Figure 4-4b, the XRD pattern of the 6s-treated sample has four peaks at 29.3º, 43.6º, 50.5º 

and 62.3º, which could be attributed to (220), (400), (331) and (440) planes of FeAl2O4 

(JCPDS # 3-0894), respectively.25, 26 Three peaks at 44.8º, 65.2º and 82.5º are 

corresponding to the (110), (200) and (211) planes of iron (JCPDS # 65-4899), 

respectively.27 The peaks of iron come from the substrate since the film was still very thin. 

It is noted that two small peaks of Al2O3 could also be found, which is consistent with the 

XPS study. Therefore, a thin film of FeAl2O4 was formed on the iron surface before the 

initiation of plasma. We have done several trials in electrolyte only containing NaAlO2 and 

electrolyte only containing Na3PO4, respectively. It turns out that ceramic coatings could 

be obtained in the electrolyte only containing NaAlO2, while no plasma discharge was 

observed in the electrolyte only containing Na3PO4.We also tried to do PEA on the stainless 

steel. It turns out that FeAl2O4 did not formed on the stainless-steel surface. It is well known 

that a compact and chemically stable Cr2O3 film existed on the surface of stainless steel, 

which prohibits the diffusion of oxygen. This Cr2O3 layer might also prohibits the 

dissolution of iron into the electrolyte and thus inhibits the formation of FeAl2O4. The 

current density increased linearly during the 12 s of ramping and kept at 1.8 A/cm2 

constantly for stainless steel sample. No plasma discharging was observed, which means 

thin FeAl2O4 film was indispensable for ignition of dielectric plasma discharge and 

subsequent growth of hercynite-alumina composite coating.  
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Figure 4-3 (a) SEM image of the sample treated for 6s; (b-d) high resolution spectra of Fe 

2p, Al 2p and O 1s, respectively. 

During stage I, the dissolution of iron into the electrolyte occurred: 

Fe (s) → Fe2+ (aq) + 2e-   (1) 

Meanwhile, the Al(OH)4
- anions (AlO2

- would exist as Al(OH)4
- in basic aqueous solution) 

migrated towards the iron anode and combined with the Fe2+ cations to form FeAl2O4: 

Fe2+ (aq) + 2Al(OH)4
- (aq) → FeAl2O4•4H2O (s)  (2) 

When the sample was taken out from the electrolyte and dried in vacuum at 60 ºC, the 

water in crystal structure evaporated and caused volume shrinkage of the film. Therefore, 

cracks formed as observed in Figure 4-2a. It is worthy to point out that the FeAl2O4•4H2O 
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film should be homogeneous when the sample was immersed in the electrolyte, otherwise 

the insulating property of the deposited layer will be hampered, and plasma discharge will 

not be built due to the leakage of current at the site of these cracks.28 

During stages II-IV, the Al(OH)4
- anions absorbed on the surface were transformed into 

Al2O3 with the help of plasma discharge: 

2Al(OH)4
- (aq) → Al2O3 (s) + 3H2O + 2OH- (aq)   (3) 

And the oxygen was released in the form of gas bubbles: 

4OH- (aq) → 2H2O + O2 (g) + 4e-  (4) 

 

Figure 4-4 XRD patterns of samples treated with (a) 10 mins and (b) 6 s. 

Meanwhile, iron from the substrate might be melted by the occasional strong plasma 

discharges (stages III and IV) and spitted out to the surface along the discharge channel,16 

which could be the iron source of FeAl2O4. Sintered by high-temperature plasma discharge, 
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the hercynite-alumina composite coating formed, as confirmed by the XRD (Figure 4-4a). 

The peaks at 31.3º and 77.8º represent the (220) and (533) planes of FeAl2O4 (JCPDS # 3-

0894).25, 26 Compared to standard pattern, these peaks shift rightwards by 2º, which implies 

smaller crystalline lattice constant. The smaller lattice constant might be explained by the 

compressive residual stress in the composite coating.29 

Based on above analysis, the mechanism of PEA was proposed. As shown in Figure 4-5a, 

Al(OH)4
- anions homogeneously distributed in the electrolyte before applying current. 

When the anodic current was applied, the iron dissolved into the electrolyte as Fe2+ cations. 

Meanwhile, the Al(OH)4
- anions migrated towards the anode surface and combined with 

Fe2+ cations to form the hercynite (FeAl2O4) film on the iron surface, as demonstrated in 

Figure 4-5b. When a continuous hercynite film fully covered the surface, initiation of 

plasma occurred (Figure 4-5c). The Al(OH)4
- anions continuously migrated towards the 

anode and absorbed on the hercynite film. These Al(OH)4
- anions were transformed into 

Al2O3 and then sintered with FeAl2O4 by the high-temperature plasma.30 Oxygen was also 

released in the form of gas bubbles during this process. As illustrated in Figure 4-5d, iron 

from the substrate might be melted by the strong plasma discharging and spitted out to the 

surface along the discharge channel. These melted irons could be the iron source for the 

growth of hercynite-alumina composite ceramic coating.  

Two more trials were carried with the solution solely containing NaAlO2 and solution 

solely containing Na3PO4, respectively. It turns out that ceramic coatings could be obtained 

in the electrolyte only containing NaAlO2, but the coating surface was very rough and 

inhomogeneous. Meanwhile, no plasma discharge was observed in the electrolyte only 

containing Na3PO4, no coating was formed either. Therefore, NaAlO2 is indispensable for 
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the deposition of the ceramic coating while Na3PO4 could improve the quality of the 

coating. As discussed on Chapter 3, the Na3PO4 might act as the buffer and the complexing 

agent during the PEA process, which prompt the uniform deposition of the passive layer 

and the coating. 

 

Figure 4-5 Schematic illustration of the PEA of cast iron. (a) The system before applying 

current, (b) dissolution of iron into the electrolyte and migration of Al(OH)4
- anions 

towards the anode after applying current, (c) formation of hercynite film on the iron surface 

and the initiation of plasma discharge sparks, (d) growth of the hercynite-alumina 

composite ceramic coating via strong plasma discharge.  

The SEM image and hardness profile of the sample treated by PEA for 10 minutes are 

shown in Figures 4-6a and 4-6b. The hardness of the composite coating was 2-3 times 

higher than that of the substrate, which should provide better surface protection from wear 
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damage. The surface morphologies of the blank sample and the PEA coated sample after 

the sliding wear tests are demonstrated in Figures 4-6c and 4-6d. The blank sample 

exhibited severe plastic deformation. In addition, deep ploughing and scratch tracks could 

be found as well. On the contrary, although materials transfer occurred, the PEA composite 

coating did not show any obvious wear scars or any chipping or peeling. The composite 

coating demonstrated superior wear resistance compared with cast iron.  

 

Figure 4-6 (a) SEM image and (b) hardness profile of the sample after 10 mins of PEA 

treatment, inset is the cross-sectional SEM image; SEM images showing wear tracks of (c) 

the uncoated blank sample and (d) PEA coated sample after the sliding tests. 

The surface profiles of the as polished (before the sliding test) PEA coated sample and PEA 

coated sample after the sliding test are shown in Figure 4-7, as well as the blank sample 

after the sliding test. These surface profiles further verified that although materials transfer 

occurred on the coating surface during the sliding test, the coating itself was barely worn. 
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The pin-on-disk wear tests demonstrated the hercynite-alumina composite coating formed 

during the PEA process has a superior wear resistance. 

 

Figure 4-7 (a) PEA coated sample after polishing to Rpk=0.22µm; (b) PEA coated sample 

after the sliding test; (c) ultra-sonic cleaning to remove wear debris/materials transfer in 

(b); (d) uncoated blank sample after the sliding test. 

 

Figure 4-8 (a) Tafel curves of the PEA treated and blank samples; (b-c) Nyquist impedance 

plots, (d-e) and corresponding equivalent circuits of the blank and PEA treated samples, 

respectively. 
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The results of electrochemical corrosion tests on both the PEA treated and blank samples 

are presented in Figure 4-8. As shown in Figure 4-8a, the hercynite-alumina composite 

coating shifts the surface potential and reduces the charge-carrier mobility at the metal-

electrolyte interface which in turn protects substrate from corrosion damage.31 From the 

Tafel curves, the corrosion potential (Ecorr), corrosion current density (icorr), cathodic and 

anodic Tafel constants (βc and βa) could be obtained. The results are summarized in Table 

4-1. Polarization resistances (Rp) were determined with Stern-Geary equation:32 

𝑅𝑝 =
𝛽𝑎×𝛽𝑐

2.303×(𝛽𝑎+𝛽𝑐)×𝑖𝑐𝑜𝑟𝑟
                                                      (Eq. 1) 

We might get two obvious information. Firstly, the corrosion potential of the PEA treated 

sample was higher than the blank sample, indicating a decrease in thermodynamic tendency 

for corrosion to take place.31 Secondly, the corrosion current density decreased after the 

PEA treatment. This indicates that the corrosion was restrained by hercynite-alumina 

composite coating. The corrosion current density tested by the Tafel method is 3×10-

6A/cm2 for zinc coating33 and ~10-6A/cm2 for Zn alloy coating (Figure 4-9), which is two 

orders higher than the corrosion current of the PEA composite coating. The polarization 

tests on the PEA treated samples were carried out at 25ºC, 40ºC, 55ºC and 70ºC, 

respectively. There was no significant difference found, as demonstrated in Figure 4-10. 

These results indicate that the PEA composite could functionalize well under the tested 

elevated temperatures. 

Table 4-1 Kinetic parameters obtained from the polarization curves. 

Sample Ecorr (V) icorr (A/cm2) βc (V/dec) βa (V/dec) Rp (Ω·cm2) 

PEA treated -0.22 3.5E-8 0.290 0.026 3.0E5 

Blank -0.88 4.5E-6 0.037 0.527 3.3E3 
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Figure 4-9 Tafel plots of various Zn alloy coated samples in a 3.5% NaCl solution at a 

room temperature. 

 

Figure 4-10 Tafel plots of the PEA coated samples test at 25ºC, 40ºC, 55ºC and 70ºC, 

respectively. 

The impedance plot of blank sample (Figure 4-8b) shows a single loop attributed to 

electrical double layer of the grey cast iron surface. Therefore, the equivalent circuit 
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(Figure 4-8d) shows a double-layer capacitance in parallel to the charge transfer resistance 

and in series with the solution resistance.31 EIS Nyquist plot of the PEA treated sample has 

two loops, one at high frequency domain and one at low frequency domain (Figure 4-8c). 

Noticing the surface inhomogeneity factor, the constant phase element (CPE), instead of 

pure capacitive elements, was employed to simulate the low frequency tail of the diffusive 

response. The impedance is expressed by the following equation: 

𝑍𝐶𝑃𝐸 = 1 [𝑇(𝑗𝜔)𝑃]⁄                                                         (Eq. 2) 

where j is the imaginary unit, ω is the angular frequency defined as ω = 2πf, f is the 

frequency in Hz, T is CPE constant; the value of P varies between 0 and 1. The values 0 

and 1 of P imply the CPE of the circuit to be pure resistor and ideal capacitor, 

respectively.34 The proposed electrical equivalent circuit (Figure 4-8e) with two constant 

phase elements achieved acceptable fitness of the data. These constant phase elements 

represented in the equivalent circuit correspond to the composite coating with an outer 

porous layer and an inner compact layer.13, 15, 16, 31 The porous layer was formed due to the 

plasma discharge and gas mass spitting out.13, 16 

The parameters of the equivalent circuits fitted from the EIS spectra were summarized in 

Table 4-2. Rs represents the resistance of the solution. Cdl and Rct represent the double layer 

capacitor and charge transfer resistance at the iron-electrolyte interface, respectively. R0 

and CPE0 are the charge transfer resistance and double layer constant phase element at the 

coating-electrolyte interface, respectively. R1 and CPE1 are the resistance and the constant 

phase element of the ceramic coating, respectively. As shown in the Table, the charge 

transfer resistance at the coating-electrolyte interface (R0) is much smaller than the 
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resistance of the ceramic coating (R1). Therefore, the overall corrosion resistance of the 

composite coating depends on R1. 

Table 4-2 Fitted data from the equivalent circuits. 

Sample 
Rs 

Ω·cm2 

Cdl 

mF 

Rct 

Ω·cm2 

R0 

Ω·cm2 

CPE0-

P 

CPE0-

T 

R1 

Ω·cm2 

CPE1-

P 

CPE1-

T 

PEA 62.8 - - 978.3 0.71 2.0E-4 1.0E6 0.64 6.2E-5 

Blank 60.7 0.24 543.2 - - - - - - 

 

To show applicability of PEA on steels, PEA treatments were conducted on low-carbon 

steel foils (25µm in thickness) and 1095 spring steel foils (50µm in thickness). The coated 

areas on the steel foils were also 20*20mm2 to fit the size of a mask which allowed only 

one side of the foil to be exposed to the electrolyte. As demonstrated in Figure 4-11, 

uniform hercynite-alumina composite coatings with high flexibility and excellent adhesion 

were successfully deposited on the steel foils by the PEA process. It has been proved that 

the PEA process is widely applicable on ferrous metals. 

 

Figure 4-11 Flexible hercynite-alumina composite coating deposited on (a) low-carbon-

steel foil and (b) 1095 spring steel (high-carbon-steel) foil. 



 

95 

 

Traditional phosphating and zinc plating processes require complex pre-treatments like the 

rising and surface activation. On the contrary, the PEA process could get rid of such pre-

treatments because the high energy plasma discharge could spontaneously clean and 

activate the surface during the process. Moreover, the solution used for PEA process only 

contains 15-20 g/l sodium aluminate and 0-5 g/l sodium phosphate as a buffer. The solution 

used for the PEA process is free of additives (PO4
3-, NO2

- NO3
-, Zn2+, Cr6+, etc.). Therefore, 

the PEA process is simpler and eco-friendlier in terms of both sample and solution 

preparations. Furthermore, the high hardness and excellent corrosion resistance of the 

hercynite-alumina composite coating could provide the ferrous metals with long-term 

protection against wear-corrosion damage. Thus, the cost of maintenance and replacement 

of equipment or structures made of ferrous metals could be significantly reduced. 

4.4 Conclusions 

In this research, a new method named as plasma electrolytic aluminating (PEA) was 

developed and applied on grey cast iron as an example for ferrous metals. The XPS and 

XRD study show that the hercynite film formed on the sample surface was indispensable 

for the plasma ignition and subsequent coating growth. Only when a continuous hercynite 

film formed on the iron surface, acting as an isolating passive layer, could the stable plasma 

discharge build around the sample. During the PEA process, both the hercynite and alumina 

were synthesized and sintered together by the plasma discharge. Therefore, a hercynite-

alumina composite coating with high hardness was deposited on the grey cast iron samples 

after PEA treatment. The coating could sufficiently protect the sample from wear damage. 

Potentiodynamic polarization tests show that the PEA treated sample had a more noble 

corrosion potential with a lower corrosion current density than the blank sample. The 
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polarization resistance of the PEA treated sample was 2 orders higher than that of the blank 

sample. EIS study indicates the overall corrosion resistance of the composite coating 

depended on the inner compact layer, and a resistance of 106 Ω·cm2 was obtained. The 

electrochemical study demonstrates that the coating was excellent for corrosion prevention. 

The present work has shown a new perspective for the corrosion prevention of ferrous 

metals with minimum impact on environment and eco-system. 
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5. CHAPTER 5 Anodic Plasma Electrolytic Deposition of Composite Coating on 

Ferrous Alloys with Low Thermal Conductivity and High Adhesion Strength 

5.1 Introduction 

Thermal barrier coatings (TBCs) are used to insulate turbine and combustor engine 

components from the hot gas stream, thereby improving the durability and energy 

efficiency of the engine 1. For TBCs applied on aero turbines, stresses due to thermal 

expansion mismatch upon cooling, plastic deformation of the bond coat and oxidation of 

the irregular bond coat have been cited as coating lifetime-limiting factors 2. Numerous 

researches have thus been carried to address these problems 1,3–5. TBCs are also extremely 

attractive for applications in automotive engines to improve thermal efficiency. However, 

the operational conditions of pistons in automotive engines are markedly different as 

compared to the aero turbines. The requirements for TBCs in automotive engines are 

outlined elsewhere but include having insulative properties, high thermal-shock resistance 

and low cost 6. During engine operation, a piston is first heated by forced convection with 

the combustion flux and then cooled by forced convection with engine oil and intake air 

and by conduction with the rings and the cylinder block. These heat exchanges generate 

transient thermal-mechanical loading cycles during operation 7,8. However, a major 

weakness of TBCs in automotive engines is the interface between the bond-coat and the 

substrate as well as the interface between the bond-coat and the top ceramic coat 9,10. It is 

also desirable to generate coating solutions without the need for a bond-coat in order to 

have a relatively thin coating thickness for achievement of a “Temperature Swing” or 

“Temperature Oscillation” behavior for internal combustion engines. Recently, the concept 

of heat insulation by using “Temperature Swing” has been investigated 11–15. In this case, 
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a thin coating having a low-heat-conductivity and low-heat-capacity is deposited on the 

combustion chamber wall, resulting in a large change in surface temperature. Specifically, 

it is shown that the surface temperature with such an insulation coating follows the transient 

gas temperature, decreasing the heat loss while preventing the heating of intake air. A good 

example of such a coating is silica-reinforced anodized aluminum 12. 

In recent years, plasma electrolytic oxidation (PEO) coatings 16 have attracted researchers’ 

attention. Unlike conventional processes, the substrate is directly involved in the plasma 

chemical reaction during PEO processing. For this reason, PEO coatings do not need a 

bond coat to achieve a good bonding strength. Meanwhile, PEO coatings also exhibit high 

strain tolerance and relatively low stiffness 17. Therefore, PEO coatings could have a high 

thermal shock resistance. Although the thermal conductivity of bulk alumina (32-34 

W/m·K) is not as low as that of zirconia (1.7 W/m·K), PEO coatings still demonstrate a 

low thermal conductivity (~1 W/m·K), which has been attributed to the presence of 

amorphous phases, together with nanograins 18,19. Such properties enable the generation of 

“Temperature Swing” through PEO coating as reported in the references 20,21. However, 

PEO cannot be readily applied on the ferrous metals. Most investigators agree that the 

formation of a dense passive layer on the metal surface is critical for the PEO process 16. 

Hercynite (FeAl2O4) is a good electrical isolator and is chemically stable in acidic/basic 

aqueous environments. Thus, we have developed a plasma electrolytic aluminating process 

22 in an aluminate-contained electrolyte where the first step is to form hercynite as a passive 

layer. AlO2
- anions are continuously absorbed on the hercynite film and then sintered into 

Al2O3 by the high-temperature plasma, forming a hercynite-alumina composite coating. 

The plasma chemical reaction of the substrate can provide good adhesive properties and 
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high thermal shock resistance. Meanwhile, nanograins and amorphous phase could form 

due to rapid localized quenching around each individual discharge during PEO processing 

17,18,23 , which might result in low thermal conductivity of the coating18,19. The main 

objectives of the present study are to prepare and characterize hercynite-alumina composite 

coatings on ferrous alloys and to study both thermal and adhesion properties of the coatings. 

5.2 Experimental details 

5.2.1 Plasma electrolytic aluminating (PEA) and materials characterization  

AISI 4140 alloy steel (0.8-1.1% Cr, 0.75-1% Mn, 0.38-0.43% C, 0.15-0.3% Si, 0.15-0.25% 

Mo, <0.04% S, <0.035% P, and Fe balance) and compacted graphite iron (0.2-1% Mn, 2.5-

4% C, 1-3% Si, <0.25% S, <0.1% P, and Fe balance) samples (Φ25.4 mm ×3 mm) were 

polished with #1200 abrasive paper, rinsed with distilled water and ultrasonically cleaned 

in ethanol. The sample (anode) was immersed in the electrolyte (15-20 g/L NaAlO2 as a 

precursor and 1-5 g/L Na3PO4 as a buffer dissolved in deionized water, pH=12, Sigma 

Aldrich) within a stainless-steel vessel (cathode). A pulsed (f = 1 kHz, duty cycle = 20%) 

DC power supply was used. After successful initiation of sparks, the current density was 

kept at 0.15 A/cm2 for 20 and 40 mins to produce coatings with different thicknesses. After 

removal from the electrolyte, all samples were dried at 60 °C. For simplicity, the 20-min-

treated cast iron samples are named as C1-C3, the 20-min-treated steel samples are named 

as S1-S3, the 40-min-treated iron samples are named as C4-C6 and the 40-min-treated steel 

samples are named as S4-S6. 

The coating deposition process is illustrated schematically in Figure 5-1. At the beginning, 

active iron ions (Fe2+ cations) were released into the electrolyte and combined with 

aluminate ions (AlO2
- anions) in the electrolyte to form hercynite nanoparticles (FeAl2O4) 
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with negative charges. These negatively charged nanoparticles (FeAl2O4)•(OH)- were 

deposited back to sample surface and form the passive layer. Charge build-up causes the 

voltage to increase. After the voltage reaches the dielectric breakdown point, plasma 

discharges initiate. The plasma sinters the hercynite and aluminate into a hard-composite 

coating. Occasionally, strong discharges penetrate the coating and reach the substrate, 

releasing the iron ions. These iron ions released from the discharge channels are the source 

of the hercynite phase. A more detailed analysis of the coating deposition mechanism can 

be found in our previous publication 22. 

 

Figure 5-1 Illustration of the coating deposition process. 

Phase structures of the coatings were determined by X-ray diffraction (XRD, PROTO 

AXRD), using Cu Kα radiation in scans from 20° to 90°. Phase proportions were 

determined by profile fitting of low-angle amorphous peaks 24. Estimates of crystallite size 

were made from peak broadening. During calculation of the average grain size, the effect 

of microstrain on the peak broadening must be subtracted by the Williamson–Hall methods 

25–27. The microstructures of the coatings were observed by scanning electron microscopy 

(SEM, FEI Quanta 200 FEG). The adhesive strength of the coatings was evaluated by 

adhesive tensile testing (MTS Criterion Model 430) in which a test sample was sandwiched 
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and adhered to a pair of holding tools with epoxy elastomeric wafers (FM-1000, Sturbridge 

Metallurgical Service Inc.). 

5.2.2 Thermal conductivity measurement  

The thermal conductivities were measured using the experimental setup shown in Figure 

5-2. A test sample was aligned between a pair of stainless steel 304 bars (16.2 W/m·K at 

100 ℃, National Physical Laboratory, UK). The metallic bars and the sample were 

surrounded by insulation material which was encased in a longitudinal aluminum guard 

shell. The purpose of this design was to minimize the radial heat exchange. In addition, a 

hot plate (Scholar 170, Corning Inc., USA) as the heat provider and a water-cooled heat 

sink were placed at the bottom and the top of the test stack, respectively. In order to achieve 

excellent interfacial contact, the mating faces of the meter bars were polished to a 0.03 μm 

finish and with a small amount (about 0.1 mL) of high conductivity silicone-based thermal 

grease (3.1 W/m·K, Tgrease 880, Laird Technologies, USA) was applied to the sample. In 

this setup, standard grade K-type thermocouples (KTSS-062G-06, Omega Engineering Inc., 

USA) were inserted radially into the meter bars. The output from these thermocouples was 

recorded by a 16-channel data acquisition system (OM-DAQ-USB-2401, Omega 

Engineering Inc., USA). The thermal resistance associated with the interface and its filling 

paste was measured by using uncoated samples in the same set-up and was found to be 

repeatable and equivalent to a 10±1 μm thickness of paste. The paste layer therefore 

contributes a predictable and repeatable thermal resistance, which was subtracted from the 

apparent thermal resistance of the coated samples to obtain the effective thermal 

conductivities of the coated samples. 
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Figure 5-2 Experimental setup for thermal conductivity measurement. 

5.2.3 Thermal shock tests  

Studies on the working conditions of internal combustion engines have shown that the 

maximum temperature of the pistons would not exceed 370 °C 28. For thermal shock tests 

in this work, the samples were heated up to 425 ℃ in a muffle furnace and then quenched 

to 20 ℃ in distilled water. 425°C was chosen to ensure the given coating’s success in the 

potential application as TBC for pistons. Quenching in water increases the cyclic thermal 

stress for accelerated testing. Similar tests have been carried by other researchers29. After 

each cycle of thermal shock, the samples were examined by optical microscopy to 

determine if interfacial spallation had occurred. The total number of thermal shock cycles 

is 100. 



 

107 

 

5.3 Results and discussion 

The coating thickness was measured using a scanning electron microscopy (SEM) on 

polished cross-sections and the results are summarized in Table 5-1. With treatment times 

of 20 and 40 mins, coatings were produced with the PEA process having thicknesses 

around 40 and 70 μm, respectively (see also Figures 5-3g and 5-3h). Figure 5-3 also shows 

the surface morphologies of selected samples (i.e., samples S1, S4, C1 and C4). As like a 

typical PEO coating16, the PEA composite coatings have a porous structure. Some large 

pores could be found on the surface, which were caused by the intermittent strong discharge 

events. The average pore size and porosity were measured from the SEM images of both 

the plane surface and cross-sections. The results are summarized in Table 5-2. As the 

processing time and thus coating thickness increased, the porosity and average pore size 

increased. It is also noted that the coating produced on steel substrates have higher porosity 

and average pore size than those grown on iron substrates. This can be explained by more 

intensive discharge events on the steel samples, which was verified by higher voltages 

reached during the coating process. It is noteworthy that numerous mesopores (100-500 

nm) could be found in the coatings produced on both substrates, as shown in Figures 5-3e 

and 5-3f. When the pore sizes are comparative to the phonon free mean path, increased 

phonon scattering could occur at the pore surfaces30. Therefore, these mesopores are also 

beneficial for reducing the thermal conductivities of the coatings. 
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Figure 5-3 SEM plain view of selected samples (a) S1, (b) S4, (c) C1, and (d) C4. High 

magnification SEM images of selected samples (e) S1 and (f) C1 showing the existence of 

mesopores. Cross-sectional SEM images of selected samples (g) S1 and (h) S4. 
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Table 5-1 Sample number, corresponding to PEA treatment time and substrate type (see 

also section 5.2.1) and the average (± standard deviation) of the resulting coating 

thicknesses and thermal conductivities. 

Sample NO. Thickness (μm) Thermal conductivity (W/m·K) 

S1 39±2.6 0.50±0.01 

S2 41±2.1 0.48±0.02 

S3 40±1.9 0.50±0.01 

S4 72±5.2 0.46±0.02 

S5 76±4.8 0.51±0.02 

S6 73±3.6 0.48±0.01 

C1 40±3.5 0.54±0.02 

C2 39±3.1 0.54±0.01 

C3 42±2.7 0.55±0.02 

C4 70±5.8 0.52±0.01 

C5 68±5.5 0.53±0.01 

C6 71±4.9 0.53±0.02 

 

Figure 5-4 demonstrates the XRD patterns of the coated samples. The peaks at 31.4° and 

77.8° represent the (220) and (533) planes of FeAl2O4 (JCPDS # 3-0894), while the peaks 

at 37.0°, 55.9°, 59.7° and 65.7° confirm the existence of Al2O3 (JCPDS # 46-1212). 

Therefore, these deposited coatings are composites of hercynite and alumina. As 

demonstrated in the XRD pattern, the relative peak intensities between FeAl2O4 and Al2O3 

were 0.59:1, 0.74:1, 0.42:1 and 0.32:1 for samples S1, C1, S4 and C4 respectively. 

Compared with 40-min-treated samples (S4 and C4), 20-min-treated samples (S1 and C1) 

have a higher amount of FeAl2O4 phase. This observation can be explained by the reduced 

contribution of the iron substrate to the plasma chemical reaction as the coatings’ 

thicknesses increase. There is approximately 35% of amorphous material in these coatings 

as suggested by profile fitting of the low-angle amorphous peak (see example in Figure 5-

4e)24: 
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𝑣 = 𝐼𝑎 (𝐼𝑎 + 𝐼𝑐)⁄    (Eq. 1) 

where 𝑣 is the amorphous phase portion, 𝐼𝑎 the total area of amorphous peaks, 𝐼𝑐 the total 

area of crystalline phase peaks. Estimates of grain size were made from peak broadening 

by Williamson–Hall methods25–27: 

𝛽𝑐𝑜𝑠𝜃 =
𝐾𝜆

𝐷
+ 4𝜀𝑠𝑖𝑛𝜃   (Eq. 2) 

where 𝐷 is the average grain size, 𝐾 the dimensionless shape factor with a typical value of 

about 0.9, 𝜆 the X-ray wavelength, 𝛽 the line broadening at half the maximum intensity 

(FWHM), 𝜃 the Bragg angle, 𝜀 the microstrain. By plotting 𝛽𝑐𝑜𝑠𝜃 vs. 4𝑠𝑖𝑛𝜃, the average 

grain size could be calculated from the intercept. It is noted that only two distinct peaks 

could be attributed to FeAl2O4 and the peak at 77.8° is too weak to be analyzed, which 

means the Williamson–Hall method is not applicable for FeAl2O4
 in this study. Therefore, 

we only calculated the grain sizes for Al2O3. However, it is reasonable to assume that 

FeAl2O4 should have similar grain size with Al2O3 since they experience similar heating 

and cooling conditions. 
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Figure 5-4 XRD patterns of selected samples(a) S1, (b) S4, (c) C1 and (d) C4. (e) 

Illustration of peak fitting at low angle for estimation of amorphous materials and grain 

size. 

The results are summarized in Table 5-2. It is noticed that as treatment time increased, the 

average grain size decreased, which is not consistent with other reports 23. This 

contradiction can be explained by the peak broadening due to the presence of an amorphous 
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phase 31. For 20-min-treated samples, the amorphous phase percentages are estimated to 

be 31.6% for the iron-based substrate C1 and 32.1% for the steel-based substrate S1. On 

the other hand, the amorphous phase percentages are estimated to be 36.5% and 37.3% for 

the equivalent 40-min-treated samples (C4 and S4 respectively). The higher amount of 

amorphous phase could contribute more to the peak broadening. Therefore, the calculated 

average grain sizes of 40-min-treated samples are slightly lower than those of 20-min-

treated samples. Nevertheless, the Williamson–Hall method provided a good 

approximation of the average grain size in our coatings. 

Table 5-2 Surface Porosity, cross-sectional porosity, average pore size and average grain 

sizes for samples S1, S4, C1 and C4. 

Sample 

NO. 

Surface 

porosity (%) 

Sectional 

porosity (%) 

Average pore 

size (μm) 

Average grain 

size (nm) 

S1 9.5 9.8 9.23 42.6 

S4 11.8 12.5 13.85 41.3 

C1 7.3 7.4 5.8 43.2 

C4 8.7 8.9 12.7 40.9 

 

Figure 5-5a illustrates temperature-time profiles for measurement of a given sample’s 

thermal conductivity. T1-T6 represent the measured temperatures at different locations 

(from bottom to top) of the two stainless steel bars when a steady-state was reached.  
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Figure 5-5 (a) Temperature-time profile for a thermal conductivity measurement; (b) A 

typical steady-state thermal profile for coated ferrous metals; (c) Measured effective 

thermal conductivities of the coated ferrous metal samples; (d) Calculated thermal 

conductivities of the composite coatings. 

Linear fitting was conducted based on T1-T3 and T4-T6 to calculate the steady-state heat 

flux 𝑞̇ with: 

𝑞̇ = 0.5(𝑞𝐵̇ + 𝑞𝑇̇) = 0.5𝑘𝑟(𝑔𝐵 + 𝑔𝑇)   (Eq. 3) 

where kr is the thermal conductivity of the stainless-steel bars (16.2 W/m·K, stainless steel 

304), 𝑔𝐵 and 𝑔𝑇 the temperature gradients of the bottom and top bars, respectively. For all 

thermal conductivity measurements, the difference between 𝑔𝐵 and 𝑔𝑇 was smaller than 

8%, which indicates the unidirectional heat transfer condition was well satisfied.  
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After linear extrapolation to the sample surfaces and subtracting the temperature difference 

across the filling paste layers, the temperature difference across the sample could be 

obtained, as shown in Figure 5-5b. Then the effective thermal conductivity of the sample 

𝐾𝑒𝑓𝑓 could be calculated as: 

𝐾𝑒𝑓𝑓 = 𝑞̇ 𝛿𝑥 𝛿𝑇⁄    (Eq. 4) 

where δx and δT are thickness of the sample and temperature difference across the sample, 

respectively.  

Then the thermal conductivity of the composite coating Kc could be calculated by: 

𝛿𝑥 𝐾𝑒𝑓𝑓⁄ =  𝑡𝑠 𝐾𝑠⁄ + 𝑡𝑐 𝐾𝑐⁄    (Eq. 5) 

where ts and tc are the thickness of substrate and coating, respectively; Ks the thermal 

conductivity of a given substrate, which was pre-measured, using the same method above, 

as 44 W/m·K and 46 W/m·K for AISI 4140 alloy steel and compacted graphite iron, 

respectively. These values are in good agreement with reported data 32,33. It is worth 

pointing out that the uncertainty of the system was estimated to be 9%, which mainly arose 

from possible cross-sectional area mismatching or misalignment between the stainless-

steel bars and test sample, non-uniformity of coating thickness, reliability of temperature 

measurement, and non-uniform heat flux. 

The effective thermal conductivities of the coated samples and the calculated thermal 

conductivities of the coatings were plotted in Figure 5-5c and 5-5d. It has been 

demonstrated that the effective thermal conductivities of the coated samples were reduced 

to 12-14 W/m·K with a 40 μm coating and 8-10 W/m·K with a 70 μm coating. The thermal 

conductivities were 0.486±0.025 W/m·K for coatings on steels and 0.533±0.013 W/m·K 
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for coatings on irons, which both are considerably lower than the thermal conductivities of 

dense alumina and dense hercynite.  

In the simplest theoretical models, the thermal conductivity could be predicted as 34: 

𝜆𝑒𝑓𝑓 = (1 − 𝜑)3𝜆0   (Eq. 6) 

where λeff is the effective thermal conductivity, φ the porosity and λ0 the thermal 

conductivity of dense material. Therefore, the thermal conductivity would decrease as the 

porosity increases. Meanwhile, higher amount of FeAl2O4 content would also reduce the 

thermal conductivity since hercynite has a lower thermal conductivity than alumina. 

However, the composition of FeAl2O4 crystalline phase and the porosity cannot account 

for such low thermal conductivities measured, which are almost two orders of magnitude 

lower than the bulk values. Therefore, other factors might play more significant roles in 

reducing the thermal conductivities.  

Curran and co-workers 19 have reported a low value (~0.5 W/m·K) for mullite-rich PEO 

coatings on aluminum alloys and attributed this low value to the presence of amorphous 

phases together with nanograins. Amorphous materials also significantly reduce the 

thermal conductivity. It follows that the thermal conductivity of amorphous alumina can 

be ~0.1 W/m·K18. The combination of amorphous phases (approximately 35%) and 

nanocrystalline grains (average size around 40 nm) have been reported to result in thermal 

conductivity values as low as 0.2-0.8 W/m·K 18, which are broadly consistent with the 

measured values presented here. Another possible contribution comes from the strong 

phonon scattering at the surface of mesopores 30. As shown in Figures 5-3e and 5-3f, 

numerous mesopores could be found in the coatings, which can also contribute to the low 

thermal conductivities. However, it is very difficult to distinguish the relative contribution 
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of mesopores from the contribution of the amorphous phase and nanocrystalline grains on 

the low thermal conductivity values. Transmission Electron Microscopy (TEM) 

characterization on the shape and distribution of each component (amorphous phase, 

nanocrystalline grains and mesopores) might help to quantify the influence of each 

individual component. Nevertheless, it is evident from the results presented here that the 

amorphous phase, nanocrystalline grains and mesopores together contribute to the 

measured low thermal conductivities. 

It is worth noting that all these micro-structural features (amorphous phase, nanocrystalline 

grains and mesopores) come from the plasma electrolysis process. Nie and co-workers 23 

used TEM to investigate Al2O3 coatings fabricated using plasma electrolysis. They have 

found an amorphous plus nanocrystalline inner layer and a nanocrystalline intermediate 

layer in the coating. During the process, the coating materials were continuously melted by 

the hot plasma core and then quenched by adjacent cold electrolyte, leading to grain 

refinement and formation of amorphous materials. 

To be useful as thermal barrier coatings for automotive engines, the coatings must have 

good adhesive strength to the substrates and high resistance to thermal shock induced 

spallation. Figure 5-6a demonstrates the setup of adhesive tensile test. A single-side coated 

sample was sandwiched and adhered with a pair of holding tools with epoxy elastomeric 

wafers (FM-1000, Sturbridge Metallurgical Service Inc.). After the tensile test, adhesive 

failure occurred at the interface between the cast iron and glue film on the uncoated 

backside, with the coated side still well attached with the holding tool, as illustrated in 

Figure 5-6c. Previous research highlights the strong influence of the surface morphology 

on the bonding behavior between the coating and the glue film. The works show that this 
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is due to mechanical interlocking by flow of molten polymers into open pores, cracks and 

cavities 35,36. The bonding between the coating and the glue film is increased due to 

mechanical interlocking. Depending on bonding at the coating interface or binding strength 

within the coating, the failure locations can be at the coating/substrate interface (adhesion 

strength) or inside the coating (cohesion strength). We have also observed this glue-filling 

process during our experiments. Since no adhesive or cohesive failure for the coating was 

observed during the test, we are thus able to say that the coating has a good bonding 

strength and cohesion strength due to the topologies of the developed coatings. 

 

Figure 5-6 (a) Illustration of the adhesive tensile test; (b) A typical tensile curves of single-

side coated cast iron sample; (c) Fracture surfaces after tensile test showing adhesive failure 

on the uncoated side. 

Figures 5-7a, 5-7b, 5-7c and 5-7d demonstrate the optical images of samples S3, S6, C3 

and C6 during and after the thermal shock tests. For all four samples, no interfacial 

spallation was found after 100 cycles of thermal shock testing. The SEM images of sample 

C6 (Figures 5-7e, 5-7f and 5-7g) demonstrate that the porous structure was retained after 

the thermal shock tests. Although some small surface cracks were formed (red arrows in 

Figure 5-7f and 5-7g), no crack was observed at the interface between the coating and 
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substrate. This supports the observation that spallation was not observed after the thermal 

shock testing. 

 

Figure 5-7 Optical images of selected samples (a) C3, (b) C6, (c) S3 and (d) S6 after 1, 25, 

50 and 100 cycles (left to right) of thermal shock tests. (e) and (g) (plain views) and (f) 

(cross-section) are SEM images of selected sample C6 after 100 cycles of thermal shock 

test. Red arrows in (f) and (g) indicate the formation of small cracks after thermal shock 

test in the coating. The coupons in figure a-d have diameters of 25.4 mm. 

Traditional TBCs deposition technologies, like PVD and thermal spray, are usually “line-

of-sight” processes, which means it is difficult to deal with parts with complex shapes. The 

high cost of facilities and process control may be another obstacle for mass production in 

the automotive sector. On the contrary, the PEA is a non-line-of-sight process with 

relatively low cost 37. Considering the coatings’ thermal barrier behavior is comparative 

with traditional TBCs, it can be concluded that this PEA technology might be useful for 

TBC applications in the automotive industry. 
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5.4 Conclusions 

In this work, a FeAl2O4-Al2O3 composite coating was successfully prepared on AISI 4140 

alloy steel and compacted graphite iron by the plasma electrolytic aluminating process. The 

coatings have good adhesion strength (>60 MPa) and low thermal conductivity (~0.5 

W/m·K). Scanning electron microscope (SEM) observations reveal that the coating has 

numerous mesopores. X-ray diffraction (XRD) analysis shows that the coating mainly 

consists of nanocrystalline (~ 40 nm) Al2O3 and FeAl2O4, and amorphous materials (~ 

35%). These amorphous phases, nanocrystalline grains and mesopores significantly 

decreased the thermal conductivities. The hercynite phase indicated that the substrate is 

directly involved in the PEA reaction and thus the coating had a metallurgical bonding to 

the substrate, which could account for high adhesive strength of the coating. No interfacial 

spallation was observed in the coatings after 100 cycles of thermal shock testing, indicating 

that these coatings have excellent thermal shock resistance. Therefore, PEA process might 

be a promising method for mass production of thermal barrier coatings for automotive 

applications.  
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6. CHAPTER 6 Pore-sealing Treatment of Plasma Electrolytic Aluminating 

Coating on Cast Iron 

6.1 Introduction 

Plasma electrolysis for surface engineering of metals has attracted researchers’ attention 

because of its cost-effectiveness, environmentally friendliness and superior properties 1. 

Based on the conductive properties of the oxides formed on the metal surface, plasma 

electrolysis could be divided into plasma electrolytic oxidation (PEO) and plasma 

electrolytic polishing (PEP) 2,3. PEO is suitable for the “valve metals”, which form n-type 

oxides or insulators like Al2O3, TiO2, MgO, ZrO2, and ZnO. On the other hand, PEP, i.e. 

anodic dissolution, dominates for the “non-valve metals” like steels, nickel and copper 

which form p-type oxides 4. The PEO process has been used for corrosion protection of 

aluminum and magnesium alloys 5–12. Recently, several researchers have reported the 

application of PEO process on ferrous metals in the electrolyte contains sodium aluminate 

and sodium phosphate 13–16. Since the aluminate ions from the electrolyte contributed 

mainly to the plasma chemical reaction, this process could also be termed as plasma 

electrolytic aluminating (PEA) process 17. The hard-ceramic coatings produced by PEA 

process on the ferrous metals provide excellent wear resistance, good corrosion resistance 

and low thermal conductivity 18.  

However, the PEA coatings are intrinsically highly porous. Extremely strong discharges 

could occasionally penetrate the coating and reach the substrate, leaving open pores and 

cracks across the coating. These open pores and cracks would impart the coating’s 

corrosion performance, especially under the longtime exposure to corrosive media 19–21. 

Therefore, post-treatment is desired to seal these open pores and cracks. The advantages of 
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sol-gel technique include low processing temperature, good homogeneity, and 

environmental friendliness 22–26. The sol-gel method is a wet chemical technique and 

involving several stages: hydrolysis and polycondensation, drying, and sintering 25–27. 

Depending on the sintering temperature, the structure of sol-gel coatings may undergo 

changes. A sol-gel coating can be applied to the surface by dip-coating or spin-coating. 

Typically, the type of catalyst determines the pH of sols and affects the shapes (films, 

powders or monoliths) of sol-gel materials 27. By properly selecting the synthesis 

parameters, a sol with moderate viscosity and an average particle size less than 20 nm could 

be obtained. Such a moderate viscosity and small particle size make the sol easily fill the 

pores of the coating prepared by PEA process. 

Electroless nickel plating (EP) has a proven ability to provide improved corrosion 

resistance. The catalysts of this reaction are some metals, such as Co, Pd, Rh and Ni itself 

28–30. Once an initial layer of nickel has formed on the surface, the reaction can proceed 

spontaneously. Electroless nickel plating could also proceed spontaneously on iron because 

an initial nickel layer could be obtained by a displacement reaction 30. During electroless 

nickel plating of PEA coated iron samples, nickel is supposed to grow from the interface 

where the open pores and cracks locate. Eventually, the nickel could seal the open pores 

and cracks of the coating and thus enhance the corrosion resistance. The total volume of 

the pores and cracks on the PEA coating is relatively small, which would help to restrict 

the amount of actual usage of Ni metals and thus reduce the negative impact in environment. 

The electroless plated nickel with high hardness could enter into the tiny pores of the PEA 

coating and thus might be able to further improve the coating’s hardness. 
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In this work, two post-treatment methods, electroless nickel plating and sol-gel dip coating, 

were used to seal the open pores of PEA coatings prepared on the iron substrate. The 

influence post-treatments on the corrosion resistance and thermal conductivities of the 

coatings were investigated. 

6.2 Experimental setup 

6.2.1 Preparation of PEA coatings 

Compacted graphite iron (CGI, 0.2-1% Mn, 2.5-4% C, 1-3% Si, <0.25% S, <0.1% P, and 

Fe balance) samples (Φ25.4 mm × 3 mm) were polished with #1200 abrasive paper, rinsed 

with distilled water and ultrasonically cleaned in ethanol. The samples were immersed in 

electrolyte (15-20 g/L NaAlO2 as a precursor and 1-5 g/L Na3PO4 as a buffer dissolved in 

deionized water, pH=12, Sigma Aldrich) and positively biased in stainless steel vessel. A 

unipolar pulsed (f = 1000 Hz, duty cycle is 0.2) power supply was used in present work. 

After the initiation of plasma discharges, the current density was kept at 0.15 A/cm2 for 20 

mins to produce coatings with thickness around 40 µm. After taking out from the 

electrolyte, all samples were thoroughly rinsed with deionized water and air dried at room 

temperature. Then some of these samples were used for electroless nickel plating and sol-

gel dip coating, respectively. 

6.2.2 Preparation of PEA-EP hybrid coatings 

Before electroless nickel plating, the PEA samples were ultrasonically degreased in 

acetone. Electroless nickel bath contains 21 g/L nickel sulphate, 24 g/L sodium 

hypophosphite, 25 g/L lactic acid, 3 g/L propionic acid was operated at pH 4.7–4.9 and 

temperature 85 ± 2 °C 31. The obtained Ni deposition rate was about 25 μm/h. To fully seal 
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the open pores/cracks, the specimens were plated for 1.5 h. After removal from the plating 

bath, the samples were thoroughly rinsed with distilled water and air dried. To simplify, 

samples only processed by plasma electrolytic aluminating process were named as PEA 

samples, while samples processed by plasma electrolytic aluminating and electroless nickel 

plating duplex treatment were named as PEA-EP samples. 

6.2.3 Preparation of SiO2 sol and PEA-SiO2 hybrid coatings 

SiO2 sols were prepared by hydrolysis and condensation reactions of tetraethyl orthosilicate 

(TEOS, Sigma Aldrich, >98%) in the mixture of ethyl alcohol (EtOH, Sigma Aldrich, 

99.7%) and water, with ammonia hydroxide (NH4OH, Sigma Aldrich, 28%) as the catalyst. 

First, TEOS was added into a sealable glass container precisely. Second, EtOH and H2O 

were added in the glass container and then immediately stirred for 10 min. Finally, NH4OH 

were added in the glass container drop by drop. The final molar ratio of TEOS: EtOH: 

NH4OH: H2O was 1: 48: 0.09: 15. The resultant sols were stirred for 12 hours at 30 ℃ and 

then aged in sealed glass container at room temperature for 4 days. According to the 

literature 27, the average particle size of prepared sols should be ~ 16 nm. The prepared 

PEA coatings were cleaned with ethanol in an ultrasonic bath, rinsed with deionized water 

and then dry in air. The silica sol was applied on the PEA coatings by dip-coating method. 

The withdraw speed was 100 mm/min. After withdrawing from the sol, the samples were 

dried at 85 ℃. To make sure all the open pores are sealed, the dip-coating process were 

repeated for 10 times. Finally, the samples were sintered at 450 ℃ for 2 hours under 

ambient atmosphere to densify the silica. After the heat treatment, the coating was polished 

to remove the loose surface layer (the surface roughness of polished hybrid coating was Ra 
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~ 1.0 µm). For the sake of simplicity, the samples with sol-gel treatment were named as 

PEA-SiO2. 

6.2.4 Materials characterization, corrosion test and thermal conductivity 

measurement 

Phase structures of the coatings were determined by X-ray diffraction (XRD, PROTO 

AXRD), using Cu Kα radiation in scans from 20° to 100° (10° to 100° for PEA-SiO2 

sample). The microstructures of coatings were observed by a scanning electron microscopy 

(SEM, Hitachi TM3030 Plus). Hardness was measured from the cross-sections of the 

coatings and substrate by a Vickers microhardness tester (Wilson VH1102) with a load of 

25 g and a holding time of 12 s. Electrochemical impedance spectroscopy (EIS) in the 

frequency range between 106 and 10-2 Hz with ±10 mV amplitude was measured by using 

the electrochemical workstation (BioLogic SP-150) after the test sample was immersed in 

3.5 wt.% NaCl solution for 1~120 hours. Then, potentiodynamic polarization tests were 

carried out from -0.5 V to 0.5 V with respect to the corrosion potential (Ecorr) at a scan rate 

of 1 mV/s. Ag/AgCl (KCl saturated) and Pt wire were selected as reference electrode and 

counter electrode, respectively. The working surface area for each specimen was controlled 

to be 0.5 cm2. All EIS data were analyzed using EC-Lab software. The thermal 

conductivities were measured using the guarded heat flow method. A detailed explanation 

of the measurement could be found in previous study 18. 
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6.3 Results and discussion 

6.3.1 Materials characterization of PEA, PEA-EP and PEA-SiO2 samples 

Figure 6-1 illustrates the processes of electroless nickel plating and sol-gel dip coating 

methods. The electroless nickel plating is a bottom-to-up process, during which the nickel 

grows from the substrate to the coating surface along the open pores and cracks, as 

illustrated in Figure 6-1a. Therefore, the surface pores were well retained and might serve 

as oil reservoirs during the lubricated sliding conditions. On the other hand, the sol-gel 

dipping is an up-to-bottom process, where the silica sol was applied on the sample surface 

and then filled the surface pores by capillary effect as shown in Figure 6-1b. After heat-

treatment, the silica sol was transferred into fused silica and sealed all the surface pores 

(including the open pores and/or cracks). Thus, the sample surface is much smoother after 

the sol-gel dipping treatment.  

The average hardness of the cast iron substrate, the PEA coating, the PEA-EP coating and 

the PEA-SiO2 coating are 280±20 HV, 822±50 HV, 1150±115 HV and 875±67 HV, 

respectively. The PEA-EP coating has the highest hardness among all samples, which 

could be attributed that high hardness nickel filled into the pores of the PEA coating and 

thus provided additional load bearing capacity. It is well accepted that higher hardness is 

beneficial for improving wear resistance. It also needs to be pointed out that some surface 

pores could be retained after EP treatment. These surface pores could act as oil reservoirs 

during lubricated sliding or dimples to collect the wear debris during dry sliding, which are 

beneficial the tribological performance. Therefore, the PEA-EP sample should have the 

best wear resistance among all samples. 
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Figure 6-1 Illustration of the (a) electroless nickel plating and (b) sol-gel dip coating 

processes. 

Figure 6-2 shows the microstructure of PEA, PEA-EP and PEA-SiO2 samples. The PEA 

coating has a porous surface structure. Pores and cracks could be observed in Figures 6-2a 

and 6-2b. These pores/cracks might be the weak points of the coating served in corrosive 

environment since localized corrosion of the substrate cast iron might occur.  
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Figure 6-2 (a) and (b) SEM images of cross-section and surface of the PEA sample; (c) and 

(d) SEM images of cross-section and surface of the PEA-EP sample; (e) and (f) SEM 

images of cross-section of the as-sintered PEA-SiO2 sample and surface of the polished 

PEA-SiO2 sample. 

Figures 6-2c and 6-2d demonstrate the cross-section and surface SEM images of the PEA-

EP sample. As shown in Figure 6-2c, the pores and cracks were filled with metallic nickel. 

The nickel could grow to the coating surface at some location after a long-time EP 
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treatment, as shown in Figure 6-2d. As illustrated in Figure 6-1a, following reactions 

occurred during the EP treatment step by step 30: 

(1) Fe (s) + Ni2+ → Fe2+ (aq) + Ni (s) 

(2) 2Ni2+ + 8H2PO2
- + 2H2O → 2Ni (s) + 6H2PO3

- + 2H+ + 2P (s) +3H2 (g) 

At the beginning of EP treatment, reaction (1) occurred, and the nickel seeds were formed 

at the coating-substrate interface. After these nickel seeds covered the interface, reaction 

(1) stopped, and reaction (2) started with these nickel seeds acted as catalysts. According 

to reaction (2), the nickel developed layer by layer along the open pores and cracks in the 

PEA coating. Phosphorus was deposited simultaneously with nickel to form Ni-P alloys 31. 

After long-time EP treatment, all open pores and cracks were filled electroless plated nickel. 

Figure 6-2e shows the cross-section of as-sintered PEA-SiO2 hybrid coating surface. The 

whole sample was covered by a silica layer. The open pores were filled with the silica. 

Some cracks could be found in the top silica layer, which could be attributed to the thermal 

stresses due to the heat treatment. After carefully grinding to remove the top silica layer, 

the surface morphology of the PEA-SiO2 coating was revealed. As demonstrated in Figure 

6-2f, all the surface pores of the PEA coating were filled by the silica. As demonstrated in 

Table 6-1, the EDS analysis at point e shows the Si/O ratio close to 0.5, which confirms 

that the dark gray particles are silica. 

Table 6-1 EDS point analysis of the selected areas of the PEA-SiO2 coating 

Area Fe (at. %) Al (at. %) Si (at. %) O (at. %) 

e 0.90 1.71 31.87 65.51 

f 10.15 24.81 7.01 58.04 
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Figure 6-3 illustrates the XRD spectra of PEA, PEA-EP and PEA-SiO2 samples. The peak 

at 31.4° represents the (220) planes of FeAl2O4 (JCPDS # 3-0894), while the peaks at 37.0°, 

55.9°, 59.7° and 65.7° confirm the existence of Al2O3 (JCPDS # 46-1212). The iron peak 

at 45.1º might come from the substrate. The peak at 44.6º represents the (111) planes of Ni. 

However, there is no crystalline peak for SiO2. A halo peak at ~20º indicates that SiO2 

exists as amorphous materials in the hybrid coating. 

 

Figure 6-3 XRD spectra of the (a) PEA, (b) PEA-EP and (c) PEA-SiO2 samples. 
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6.3.2 Electrochemical measurements 

The electrochemical impendence spectra (EIS) of PEA, PEA-EP and PEA-SiO2 samples 

after immersed in sodium chloride solution for 1 hour were illustrated in Figures 6-4a, 6-

4c and 6-4e, respectively. 

 

Figure 6-4 (a), (c) and (e) Nyquist plots of PEA, PEA-EP and PEA-SiO2 samples after 

immersion in 3.5 wt.% NaCl solution for 1 hour; (b), (d) and (f) Bode plots corresponding 

to EIS spectra in (a), (c) and (e), respectively; (g) equivalent circuit. 
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The equivalent circuit model used for fitting the EIS curves is shown in Figure 6-4g. The 

goodness of the fit was determined by the chi-squared (χ2) values in the range of 0.01–

0.001 and the fitting parameters are summarized in Table 6-2. In Figure 6-4g, R1 represents 

the solution resistance, R2 denotes the charge transfer resistance at the coating-electrolyte 

interface, R3 is associated with the resistance of the ceramic coating. Noticing the surface 

inhomogeneity, the constant phase element (CPE) was employed 32. The impedance of CPE 

is expressed by the following equation 32: 

𝑍𝐶𝑃𝐸 = 1 [𝑇(𝑗𝜔)𝑃]⁄    (Eq. 1) 

where j is the imaginary unit, ω is the angular frequency defined as ω = 2πf, f is the 

frequency in Hz, T is CPE constant; the value of P varies between 0 and 1. The values 0 

and 1 of P imply the CPE of the circuit to be pure resistor and ideal capacitor, 

respectively. Furthermore, diffusion through the pores of the coating can be covered 

through Warburg diffusion element (S). The impendence of S can be expressed as 

follows 33,34: 

𝑍𝑤 =
𝑊

√𝑖𝜔
tanh (2𝛿√

𝑖𝜔

𝐷
)   (Eq. 2) 

where “δ” is the thickness of the diffusion layer, “D” is the diffusion coefficient, “ω” is 

the angular frequency W is the Warburg parameters, obtained from the EIS fitting curves 

and “i” is the imaginary number. Figures 6-4b, 6-4d and 6-4f show the Bode plots 

corresponding to the EIS spectra. As shown in Figure 6-4b, the log|Z| vs. log(f) plot 

discloses linear segment with a slope nearby -1/2 at high frequency domains, which 

means the existence of the Warburg diffusion element for PEA samples. Figures 6-4d and 

6-4f, on the other hand, did not demonstrate linear segment with a slope nearby -1/2, 

which means that there is no Warburg diffusion element for PEA-EP and PEA-SiO2 
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samples. The lack of Warburg diffusion element could be attributed to the pore-sealing 

effects. 

All the EIS curves present depressed semicircles, suggesting CPE phenomenon instead of 

pure capacitive phenomenon. It is also noted that the PEA-SiO2 sample exhibits the 

largest semi-circle among all samples and thus can be regarded as the highest corrosion 

resistance. 

Table 6-2 Fitting parameters of the EIS curves. 

Sample 
PEA-

1h 

PEA-

5d 

PEA-EP-

1h 

PEA-EP-

5d 

PEA-SiO2-

1h 

PEA-SiO2-

5d 

R1 (Ω·cm2) 15.6 14.8 16.2 15.6 15.8 16.2 

CPE1 (F·sp-

1) 

6.0E-

10 
2.7E-8 6.2E-5 6.8E-5 1.0E-7 1.3E-7 

P1 0.71 0.99 0.64 0.65 0.74 0.75 

R2 (Ω·cm2) 1871 1267 3020 2850 9193 8851 

CPE2 (F·sp-

1) 
1.9E-4 7.7E-5 2.2E-4 1.8E-4 3.4E-4 3.3E-4 

P2 0.26 0.14 0.56 0.57 0.57 0.55 

R3 (Ω·cm2) 4279 1157 10647 9566 27660 26840 

S3 (Ω·s-1/2) 2985 954 -- -- -- -- 

Figure 6-5 shows the EIS results after immersed in sodium chloride solution for different 

time. As shown in Figure 6-5a, the maximum impendence of PEA sample decreased from 

6500 Ω to 2500 Ω as the immersion time increased from 1 hour to 5 days. The sharply 

decreased corrosion resistance of PEA sample after immersion could be explained by the 

degradation of R3, as shown in Table 6-2. As mentioned before, the PEA coating has some 

open pores/cracks, which are the weak points. During the immersion tests, localized 

corrosion of the substrate cast iron might occur at these sites, leading to the degradation of 

corrosion resistance. On the other hand, the maximum impendences of PEA-EP and PEA-

SiO2 samples only decreased slightly, which indicates that the PEA-EP and PEA-SiO2 
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hybrid coatings could provide better corrosion protection compared with the PEA coatings. 

The PEA-SiO2 hybrid coating has the best corrosion performance among all samples. 

 

Figure 6-5 Impendence spectra of (a) PEA (b) PEA-EP and (c) PEA-SiO2 samples after 

different immersion time in 3.5 wt.% NaCl solution, (d) variation of impendence with time 

at different frequencies. 

To further evaluating the coatings’ long-term corrosion behavior, potentiodynamic 

polarization tests were also conducted after immersed in the 3.5 wt.% NaCl solution for 5 

days. As shown in Figure 6-6, the corrosion potential (Ecorr), corrosion current density (icorr), 

cathodic and anodic Tafel constants (βc and βa) could be obtained from the potentiodynamic 

polarization curves and the results are summarized in Table 6-3. The corrosion potentials 

are -0.86V, -0.63V and -0.43V for the PEA, PEA-EP and PEA-SiO2 samples, respectively. 
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The higher corrosion potential means less thermodynamic tendency for corrosion to occur. 

Therefore, the PEA-SiO2 sample is least likely to be corroded. 

 

Figure 6-6 Potentiodynamic polarization curves of the PEA, PEA-EP and PEA-SiO2 

samples after immersed in 3.5 wt.% NaCl solution for 5 days. 

Table 6-3 Kinetic parameters obtained from the polarization curves. 

Sample βa (V/dec) βc (V/dec) Ecorr (V) icorr (A/cm2) Rp (kΩ·cm2) 

PEA 0.514 0.243 -0.86 6.2E-6 11.58 

PEA-EP 0.238 0.193 -0.63 1.5E-6 30.94 

PEA-SiO2 0.314 0.256 -0.43 5.0E-7 126.03 

Cast iron* 0.527 0.037 -0.88 4.5E-6 3.3 

* Data was retrieved from Table 4-1. 

The corrosion current densities were 6.2×10-6 A/cm2, 1.5×10-6 A/cm2 and 0.5×10-6 A/cm2 

for PEA, PEA-EP and PEA-SiO2 samples, respectively. It has to be pointed out that the 
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potentiodynamic polarization curves were obtained after 5 days immersion in the 3.5 wt.% 

NaCl solution. The corrosion current densities for PEA and PEA-EP samples are close to 

each other and are close to the corrosion current density for fresh cast iron (4.5×10-6 A/cm2 

as shown in Figure 4-8 and Table 4-1 in Chapter 4), which means both PEA and PEA-EP 

treatments cannot provide excellent long-term protection for cast iron substrate against 

corrosion. On the other hand, the corrosion current density for PEA-SiO2 sample after 5 

days immersion in the 3.5 wt.% NaCl solution is 0.5×10-6 A/cm2, which is much smaller 

than those for PEA and PEA-EP samples after immersion and is ~10 times smaller than 

that for the fresh cast iron. Thus, the PEA-SiO2 treatment could provide excellent long-

term protection for cast iron substrate against corrosion.  

Polarization resistances (Rp) were determined with Stern-Geary equation 35: 

𝑅𝑝 = (𝛽𝑎 ∗ 𝛽𝑐) [2.303 ∗ (𝛽𝑎 + 𝛽𝑐) ∗ 𝑖𝑐𝑜𝑟𝑟]⁄     (Eq. 3) 

The polarization resistance of PEA-SiO2 sample after 5 days immersion in the 3.5 wt.% 

NaCl solution (126.03 kΩ·cm2) is ~40 times higher than that of the fresh cast iron (3.3 

kΩ·cm2). Excellent anodic passivation was also obtained for the PEA-SiO2 sample, as 

shown in Figure 6-6.  

The variation of open circuit potentials (Eoc) for blank cast iron and PEA-SiO2 sample were 

shown in Figure 6-7. The large fluctuation of Eoc for blank cast iron might be attributed to 

the breaking of passivation layer by galvanic corrosion as well as pitting corrosion. The 

stable open circuit potential for PEA-SiO2 sample indicates the uniform and steady 

corrosion, which could be explained by the excellent anodic passivation behavior as shown 

in Figure 6-6. Based on above analyses, the PEA-SiO2 coating provides the best corrosion 

protection for the cast iron substrate. 
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Figure 6-7 Variation of open circuit potentials (Eoc) for blank cast iron and PEA-SiO2 

sample. 

6.3.3 Thermal conductivity measurements 

The thermal conductivities of the PEA, PEA-EP and PEA-SiO2 coatings were plotted in 

Figure 6-8. The thermal conductivities were 0.63±0.12 W/(m·K), 1.44±0.16 W/(m·K) and 

0.8±0.1 W/(m·K) for the PEA, PEA-EP and PEA-SiO2 coatings, respectively. The PEA-

EP and PEA-SiO2 hybrid coatings could be regarded as nickel-filled or silica-filled ceramic 

composite. In the present work, the volume fractions of metallic nickel and fused silica 

were estimated to be ~30% and ~27%, respectively. The thermal conductivity of the hybrid 

coating could be estimated by Rayleigh model 36: 

𝐾𝑒𝑓𝑓 𝐾𝑚⁄ = 1 + 3∅ [(𝐾1 + 2𝐾𝑚) (𝐾1 − 𝐾𝑚)⁄ − ∅]⁄     (Eq. 4) 
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where 𝐾𝑒𝑓𝑓 and 𝐾𝑚 are the thermal conductivities of the hybrid coating and the ceramic 

matrix, i.e., PEA coating (0.63 W/m·K), respectively. 𝐾1 the thermal conductivity of filler, 

i.e., metallic nickel (~80 W/m·K) and fused silica (~1.38 W/m·K); ∅ the volume fraction 

of the filler (0.3 and 0.27 for PEA-EP and PEA-SiO2 coating, respectively). The predicted 

thermal conductivities of PEA-EP and PEA-SiO2 coatings is ~1.3 and ~0.9 W/(m·K), 

respectively. 

 

Figure 6-8 Thermal conductivities of PEA coating and PEA-EP and PEA-SiO2 hybrid 

coatings. 

6.3.4 Discussion 

Based on above analyses, the PEA-EP and PEA-SiO2 treatments are proposed for different 

engineering applications. For the PEA-EP sample, some surface pores were well retained 

and might serve as oil reservoirs during the lubricated sliding or dimples to collect the wear 
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debris during the dry sliding. Moreover, electroless plated nickel has high hardness which 

not only provides corrosion protection for the coating-substrate interface, but also is 

beneficial for improving wear resistance. The thermal conductivity of PEA-EP coating is 

pretty high. When a 20 μm-thick coating was applied on a 3 mm-thick cast iron substrate, 

the effect thermal conductivity (coating plus substrate) is ~38 W/(m·K), which is very close 

to that of the cast iron. Therefore, PEA-EP treatment is aimed for the application where 

high were resistance, moderate corrosion resistance and high thermal conductivity are 

required, for instance the braking rotors. 

For the PEA-SiO2 sample, the surface roughness is significantly reduced. Due to the 

insulation property of SiO2, the PEA-SiO2 coating has the best corrosion performance 

among all samples and provides excellent long-term corrosion protection for cast iron 

substrate. The thermal conductivity of PEA-SiO2 coating is low. When a 100 μm-thick 

coating was applied on a 3 mm-thick cast iron substrate, the effect thermal conductivity 

(coating plus substrate) is ~16 W/(m·K), which is much lower than that of the cast iron. 

The potential application of PEA-SiO2 hybrid coating is thermal management of diesel 

steel pistons where high corrosion resistance, low thermal conductivity and low surface 

roughness are required. 

The thermal shock resistance of PEA-EP and PEA-SiO2 samples were also evaluated by 

repeatedly heating at 425℃ and water quenched at 25℃ for up to 100 cycles. The 

appearance of PEA-EP and PEA-SiO2 samples are shown in Figure 6-9. After 100 cycles 

of thermal shock test, both the PEA-EP and PEA-SiO2 samples seem to be intact, which 

implies superior thermal shock resistance. 
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Figure 6-9 Optical images of the PEA-EP and PEA-SiO2 samples after thermal shock tests. 
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6.4 Conclusions 

Post-treatments, including electroless nickel plating (EP) and sol-gel dip coating, were 

applied to seal the open pores and cracks of PEA coatings. Both the PEA-EP and PEA-

SiO2 coatings could retain good corrosion resistance after immersed in sodium chloride 

solution for five days, while the PEA coating degraded due to localized corrosion of the 

iron substrate at these open pores and cracks. The PEA-SiO2 coating demonstrates the best 

corrosion performance (polarization resistance of 126.03 kΩ·cm2 after 5-day immersion in 

3.5 wt. % NaCl solution) among all samples while the PEA-EP coating has the highest 

hardness (1150±115 HV). While the thermal conductivity of the PEA-EP coating is 

relatively high (1.44±0.16 W/(m·K)), the PEA-SiO2 coating still has very low thermal 

conductivity (0.8±0.1 W/(m·K)). After cyclic thermal shock tests, both the PEA-EP and 

PEA-SiO2 hybrid coatings seem intact. 
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7. CHAPTER 7 Composite Coating on Cu Prepared by Plasma Electrolytic 

Aluminating 

7.1 Introduction  

Copper and its alloys are some of the most versatile engineering materials. The largest end 

use of copper is in the building industry and civil engineering, including roofing, rainwater 

systems, oil and gas lines, etc. In unpolluted air, water and deaerated non-oxidizing acids, 

copper is a relatively stable metal, experiencing minimal corrosion issues. However, the 

corrosion-erosion, erosion by dispersed sediments and cavitation-erosion could be major 

problems of copper and its alloys whereby the naturally formed passive layers on copper-

based substrates are damaged 1–4. To tackle the corrosion issues under mechanical stress 

conditions, protective coatings have been applied on the copper alloys surface, including 

electroless Ni-P coatings 5–8, cold sprayed metal/ceramic composite coatings 9,10, high-

velocity-oxy-fuel (HVOF) sprayed Fe-based amorphous coatings 11,12 and metallic 

coatings 13–16. It is well accepted that high hardness, high corrosion resistance and high 

adhesion strength of the protective coatings are beneficial for enhancing the erosion 

performance. 

Plasma electrolytic oxidation (PEO) coatings demonstrate excellent combination of high 

hardness, high corrosion resistance and high adhesion strength to the substrate 17, which 

make the PEO treatment a promising method to improve the erosion resistance. Recently, 

several researchers have reported the erosion resistance of aluminum alloys was improved 

by the PEO treatment 18,19. However, PEO treatment is not suitable for non-valve metals 

like Fe, Cu and Ni 20. Nevertheless, several papers were published on so-called PEO of 

carbon steel and cast iron in the electrolyte containing sodium aluminate and sodium 



 

154 

 

phosphate 21–24. Recent studies demonstrate that the aluminating species contribute mainly 

to the initial formation of a passive layer which is a pre-condition for the further generation 

of dielectric plasma discharging for plasma electrolysis whereby an alumina coating can 

finally be formed 25,26. Therefore, this process could also be termed as plasma electrolytic 

aluminating (PEA) 26. 

In this work, PEA treatment was performed on pure copper without any pretreatment in an 

electrolyte containing sodium aluminate and sodium phosphate. A metal/ceramic 

composite coating with high hardness and excellent corrosion resistance was successfully 

obtained on the copper surface. The mechanism of coating deposition and the 

microstructure of the coating were studied in detail. 

7.2 Experimental details 

Pure copper samples (Φ25.4 mm ×3 mm) were grinded and polished, followed by being 

ultrasonically cleaned in ethanol and rinsed with distilled water. During the PEA process, 

the samples (anode) were immersed in an electrolyte (15-20 g/L NaAlO2, 1-5 g/L Na3PO4, 

pH=12, Sigma Aldrich) contained in a stainless-steel vessel (cathode). A pulsed DC current 

with a frequency of 1 kHz, duty cycle of 20% at constant voltage of 490 V was applied on 

the samples. 

Surface morphologies and element-identification of the passive film and composite coating 

were studied by the scanning electron microscopy (SEM, Hitachi TM3030 plus) equipped 

with an energy dispersive X-ray spectrometer. Detailed compound compositions were 

determined by the X-ray photoelectron spectroscopy (XPS, Kratos AXIS Supra). The 

instrument work function was calibrated with a standard metallic gold reference sample to 

give binding energy (BE) of 83.95eV for metallic Au 4f7/2. Charge neutralization were 
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performed by the Kratos charge neutralizer system for all analyses. XPS survey spectra 

with a pass energy of 160 eV followed by high-resolution spectra with a pass energy of 20 

eV were obtained from an area of approximately 300 µm×700 µm. Phases of the prepared 

ceramic coating were determined by the X-ray diffraction (XRD, Rigaku SmartLab) using 

Cu Kα radiation. 

The hardness of the coating and substrate was measured by Vickers hardness tester (Wilson 

VH1102) with a load of 25 g and a holding time of 12 s. Tribological properties were 

evaluated by pin-on-disk sliding wear tests against SAE52100 steel balls (diameter 5.5 mm, 

hardness 848 HV) and WC-6Co balls (diameter 5.5 mm, hardness >1350 HV). The 

unlubricated sliding was performed with the load of 5 N at the sliding speed of 0.075 m/s. 

Potentiodynamic polarization tests were carried out from -0.5 V to 0.5 V with respect to 

the open circuit potential at a scan rate of 1.5 mV/s (BioLogic SP-150). Electrochemical 

impedance spectroscopy (EIS) in the frequency range between 106 and 10-2 Hz with ±10 

mV amplitude was also measured. All electrochemical tests were carried out in 3.5 wt.% 

NaCl solution at room temperature. Ag/AgCl (KCl saturated) and Pt were selected as 

reference electrode and counter electrode, respectively. The working surface area for each 

specimen was chosen to be 0.5 cm2. All EIS data were analyzed using EC-Lab software. 

Thermal conductivities of prepared coating with different thickness were measured by the 

guarded heat flow method 24. 

7.3 Results and discussion 

7.3.1 The discharge process and surface morphology evolution analyses 

The average current density vs. time curve of the anode during the PEA process is 

illustrated in Figure 7-1 and could be divided into three stages. Representative samples 
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were taken for analysis during stage 2 (hereafter termed sample 1) and stage 3 (termed 

sample 2).  

 

Figure 7-1 Average current density vs. time curve in the PEA process. 

Stage 1 has a high current density of ~1.35 A/cm2 and is temporally the shortest stage. 

Observation of the process revealed that the sample surface was surrounded by numerous 

bubbles and no spark was observed in this stage. At the beginning of stage 2, tiny white-

blue sparks were observed at the edges of the sample. The preferential formation of the 

sparks at sample edges can be attributed to the “edge effect” since electric flux lines are 

more concentrated at sample corners and edges 25,27. Then the sparks gradually spread to 

the center of the sample and changed from white-blue color into yellow color. Meanwhile, 

the current density decreased to ~0.2 A/cm2. During stage 3, the whole sample was covered 

by yellow sparks and the process lasted about 10 mins. The final coatings had a red tint 

color. Figure 7-2 demonstrates the SEM images of sample 1 (at 30 s, middle of stage 2) 

and sample 2 (at 10 min, end of stage 3). As shown in Figure 7-2a, the surface of sample 1 
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was covered with platelets of deposited materials, which could be the passive film. At this 

middle of the figure (denoted by B), evidence of plasma discharges was observed. Figure 

7-2b reveals the porous surface structure of the final coating (sample 2). It is noted that 

white particles were embedded in the pores. Results of EDS analysis on areas A, B and C 

were summarized in Table 7-1.  

 

Figure 7-2 Surface SEM images of (a) sample 1 and (b) sample 2. 

Table 7-1 Results of EDS point analyses on selected areas A, B and C. 

 Cu (at. %) Al (at. %) O (at. %) P (at. %) 

Area A 0.51 23.50 70.26 5.74 

Area B 8.64 26.01 61.14 4.22 

Area C 7.70 35.48 56.20 0.62 

 

Before the ignition of sparks, the passive film (area A) did not contain Cu, which means 

the substrate was not involved in the formation of passive film. However, with plasma 

discharges (areas B and C), Cu was incorporated into the coating, which could be attributed 

the evaporation of substrate materials driven by the high local thermal effects caused by 

sparks. To protect the passive film from washing away by running distilled water, sample 
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1 was not thoroughly rinsed. Therefore, the P detected by EDS analyses on areas A and B 

might come from the residue of electrolyte. An XPS survey scan on a sample retrieved 

during stage 2 of the PEA process after sputtering the top 20 nm shows only a negligible 

content of P (< 1 at. %), which could confirm that the P is from the residue of electrolyte. 

On the other hand, a sample retrieved after the full coating process was thoroughly rinsed 

with distilled water and the content of P detected with EDS is negligible. Therefore, it is 

possible to conclude that the phosphate was not incorporated into the coatings. 

7.3.2 Coating formation mechanism analyses 

To better understand the coating formation mechanism, XPS analyses were carried out on 

the surface of both samples 1 and 2. To evaluate the chemical state of Cu, both the Cu 2p 

spectra and the Cu L3M4,5M4,5 spectra were measured. The Cu 2p2/3–Cu L3M4,5M4,5 Auger 

parameters were also used to determine the chemical state. Figure 7-3 demonstrates the 

XPS high resolution spectra obtained from the sample surface retrieved in stage 2 of the 

PEA process. As shown in Figure 7-3a, the peak at 74.60 eV accounts for the Al 2p3/2 line 

of Al(III) in Al(OH)3 
28, while the peak at 77.35 eV represents the Cu 3p3/2 line of Cu(ii) 

in Cu(OH)2 
29 or CuO 30. The sole peak at 531.75 eV in Figure 7-3b could be attributed to 

the O 1s line of hydroxide species 31,32. The Cu 2p3/2 spectra clearly demonstrated a “shake-

up” satellite structure, as illustrated in Figure 7-3c. It is well accepted that the presence of 

shake-up satellite structure in Cu 2p spectra indicates the existence of Cu(II) species 33,34. 

Moreover, there is no splitting peaks for shake-up satellite structure, which means the Cu(II) 

species should come from Cu(OH)2 instead of CuO 34. The shape of Cu LMM spectra 

(namely a lack of a distinct sharp peak which is typical for CuO) confirms this point 34. 
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Figure 7-3 (a) Al 2p, (b) O 1s, (c) Cu 2p and (d) Cu LMM XPS high resolution spectra 

obtained from sample 1 surface. 

As mentioned before, numerous gas bubbles were found nearby the anode, which could 

come from the oxygen evolution reaction in basic solution: 

4𝑂𝐻−  →  2𝐻2𝑂 + 𝑂2 ↑  + 4𝑒−  (1) 

Meanwhile, another reaction is also possible for the anode: 

𝐶𝑢 →  𝐶𝑢2+ + 2𝑒−   (2) 

The standard electrode potentials of reactions (1) and (2) are 0.4 V and 0.34 V, which are 

very close. It needs to be mentioned that the concentration of OH- anions (reducing agent) 

in our electrolyte is much higher than the standard state. Therefore, the reduction potential 

of reaction (1) will decrease according to the Nernst equation. Therefore, reaction (1) 
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occurred preferentially and released numerous oxygen bubbles at the anode surface. This 

oxygen evolution reaction consumed large amount of OH- anions and caused a localized 

acidification of the electrolyte nearby the anode. As a result, Al(OH)3 precipitated from the 

electrolyte: 

𝐴𝑙(𝑂𝐻)4
− → 𝐴𝑙(𝑂𝐻)3 ↓ + 𝑂𝐻−   (3) 

The Al(OH)3 nano- or micro-particles were deposited on the anode surface by an 

electrophoresis process and formed a passive film, as illustrated by area A in Figure 7-2a. 

This passive film would cause charge built-up at the interfaces and voltage across the film 

raised. After the critical voltage was reached, dielectric breakdown would occur, which led 

to the ignition of sparks at the edges of the sample, as shown by area B in Figure 7-2a. As 

mentioned before, the sparks gradually changed from white-blue color into yellow color 

and spread to the center of the sample during stage 2. As reported previously 35–37, sparks 

with white-blue color at the beginning stage of PEO treatment is less intensified and its 

energy is smaller. Therefore, only small amount of Cu would be evaporated by the sparks 

and then reacted with excessive active species from the electrolyte to form the Cu(OH)2 

compounds: 

𝐶𝑢 + 2𝑂𝐻−  →  𝐶𝑢(𝑂𝐻)2 ↓  +2𝑒−  (4) 

The XPS high resolution spectra were obtained from an area of approximately 300 µm×700 

µm, which means the spectra came from both area A and B. Therefore, the presence of 

both Al(OH)3 and Cu(OH)2 on the surface of sample 1 was confirmed by the XPS analyses. 

Figure 7-4 shows the XPS high resolution spectra obtained from sample 2 surface. The 

peak at 74.41 eV could be attributed to the Al 2p3/2 line of Al(III) in Al2O3 
28,38, while the 
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peak at 77.05 eV represents the Cu 3p3/2 line of Cu(I) in Cu2O 29,39. The peaks at 531.43 

eV and 530.68 eV account for the O 1s lines of Al2O3 
31,40,41 and Cu2O 42,43, respectively. 

 

Figure 7-4 (a) Al 2p, (b) O 1s, (c) Cu 2p and (d) Cu LMM XPS high resolution spectra 

obtained from sample 2 surface. 

As shown in Figure 7-4c, the main peak of Cu 2p3/2 was located at 932.83 eV. The shake-

up satellite structure was diminished, which implies the lack of Cu(II) species. To further 

distinguish Cu(0) and Cu(I) species, the Cu LMM spectra was obtained. The shape of Cu 

LMM spectra obtained from sample 2 surface did not match well with either Cu(0) or Cu2O 

standard spectra. However, two peaks could be found in the LMM spectra with kinetic 

energy at 916.25 eV and 918.51 eV. The calculated Cu 2p2/3–Cu L3M4,5M4,5 Auger 

parameters were 1849.08 eV and 1851.34 eV, which matched with literature values for 

Cu(0) and Cu2O 34. Therefore, the coating of sample 2 should contain metallic Cu, Cu2O 
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and Al2O3. XRD analysis was also performed on sample 2, and the spectra was illustrated 

in Figure 7-5. As shown in Figure 7-5, crystalline peaks for metallic Cu, Cu2O, α-Al2O3 

and η-Al2O3 could be identified. 

 

Figure 7-5 XRD spectrum for sample 2. 

As mentioned before, the sparks have a yellow color during stage 3, which means the 

sparks are much stronger with higher energy 35–37. Large amount of Cu will be evaporated 

by these intensified sparks. When excessive Cu met with active species from the electrolyte 

in the discharge channels, part of the Cu would be oxidized: 

2𝐶𝑢 + 2𝑂𝐻−  →  𝐶𝑢2𝑂 ↓  + 𝐻2𝑂 + 2𝑒−  (5) 

and rest of the Cu would solidify into metallic Cu. It is plausible that Al2O3 originates from 

the plasma sinter reaction: 

2𝐴𝑙(𝑂𝐻)4
−  →  𝐴𝑙2𝑂3 ↓  + 2𝐻2𝑂 +  2𝑂𝐻−  (6) 

Figure 7-6 demonstrates the SEM surface and cross-section image of sample 2. The 

thickness was measured to be ~20 μm from the cross-section. Based on above analyses, the 

white particles should be the metallic Cu, as demarked with white circles in Figures 7-6a 

and 7-6b. 
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Figure 7-6 SEM images of (a) surface and (b) cross-section of the sample 2. 

7.3.3 Hardness and wear tests 

Hardness tests reveal that the micro hardness of the copper substrate and the coating are 

98±15HV and 1050±216HV, respectively. The friction coefficient curves are plotted in 

Figure 7-7. The friction coefficient of uncoated copper against steel ball ranges from 0.6 

to 1.2, whereas this value is approximately 0.5 for the coated copper against steel ball and 

0.3 for the coated copper against tungsten carbide ball, and the later ones are more stable. 

 

Figure 7-7 Friction coefficients vs. sliding distance for the uncoated sample against a 

SAE52100 steel ball and coated samples against SAE52100 steel and tungsten carbide balls. 
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Figure 7-8 summarizes the surface morphology of the wear tracks after the wear tests. As 

shown in Figures 7-8a and 7-8d, the worn surface of uncoated copper shows severe plastic 

deformation. Slight oxidation of the copper surface was verified with the EDS point 

analysis, as shown in the corresponding EDS spectra. The wear track width was ~900 μm 

and the maximum depth was ~40 μm, as shown in the inset of Figure 7-8a. Adhesion of 

copper on the steel ball surface could be observed from Figure 7-8g. The steel ball was 

barely worn. Thus, the uncoated copper experienced severe ploughing wear, which could 

be attributed to its low surface hardness (98 HV) compared with the steel ball (848 HV). 

However, while annealed copper is a ductile metal, it has a strong work-hardening 

characteristic and therefore in the cyclic loading conditions of the pin-on-disk tribological 

test, it is expected that the surface of pure copper sample significantly work-hardened and 

the materials ductility reduced. This can be witnessed in the adhesion and fracture wear 

behavior which also played some roles in the wear process where the fractured Cu was 

partially transferred to the steel ball surface. Cumulatively, these observations also explain 

the highly fluctuating coefficient of friction for the pure copper sample and unstable 

tribological contact conditions. 

Figures 7-8b and 7-8e demonstrate the surface morphology of coated copper sliding against 

the steel ball. Apparently, materials from the steel ball were transferred and adhered to the 

coating surface. Severe oxidation of the transferred iron was also verified by the EDS point 

analysis as shown in the corresponding EDS spectra. This observation reveals an evolution 

of the tribological contact, which can indicate why the friction coefficient increased from 

~0.12 to ~0.5 after 50 m sliding distance, as shown in Figure 7-7. The low friction 

coefficient might come from the Cu2O and metallic Cu, which could act as solid lubricant, 
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although such phenomena is generally associated with high temperature tribological 

contacts. A second hypothesis can be related to topographical evolution of the contact 

during “running-in”. This is supported by the similarity between the friction curves of the 

coated copper against both the steel and WC balls in the early stages of the wear process. 

However, the higher friction coefficient observed in the latter stages of the tribological test 

might come from the self-mating transfer layer against the steel ball surface. The wear 

track width was ~400 μm while the wear depth could barely be measured as the transferred 

materials protected the coating underneath. The steel ball revealed a characteristic grooved 

wear scar as shown in Figure 7-8h, which indicates that abrasive wear occurred on the steel 

ball. The bright areas on the wear track represent iron oxide which came from the steel ball 

and then oxidized due to the frictional heating. Among the three tribotests, the lowest 

friction coefficient and narrowest wear track (~180 μm) were found for the coated copper 

sliding against WC ball. Increased hardness of the counter material (i.e., employing a WC 

ball) resulted in a lower degree of material transfer. During the sliding test, only a small 

amount of wear debris was generated and became embedded in the pores of the coating. 

Therefore, severe three-body abrasive wear did not occur, and both the coating and the WC 

ball were insignificantly worn. It should be here emphasized that the PEA-coating on Cu 

indeed had a good mechanical integrity demonstrated by the sliding tribotests under a 

maximum Hertzian contact pressure of up to 1.6 GPa (for the WC ball case). 
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Figure 7-8 SEM images (BSE mode) of the wear track for (a) uncoated copper sliding 

against steel ball, (b) coated copper sliding against steel ball, and (c) coated copper sliding 

against tungsten carbide ball. (d), (e) and (f) are enlarged images of the white boxes in (a), 

(b) and (c), respectively. (g), (h) and (i) show the representative surfaces of the counter-

balls, scale bar is 100 μm. 
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7.3.4 Corrosion tests 

Figures 7-9a and 7-9b disclose the Nyquist plots of uncoated and coated samples in the 

3.5% NaCl solution. The equivalent circuit models used for fitting the EIS curves are 

shown in Figures 7-9e and 7-9f. All the fitting parameters are summarized in Table 7-2. 

In Figure 7-9e, Rs represents solution resistance, R0 denotes charge transfer resistance, 

CPE0 denotes the double-layer capacitance at the metal-electrolyte interface. Noticing the 

surface inhomogeneity, the constant phase element (CPE) was employed to compensate 

for porosity and surface roughness 44,45.  

 

Figure 7-9 (a), (b) Nyquist plots of uncoated and coated copper samples in 3.5 wt.% NaCl 

solution; (c), (d) Bode plots of uncoated and coated copper samples; (e), (f) equivalent 

circuit used for fitting the EIS spectra in (a) and (b), respectively. 
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The impedance of CPE is expressed by the following equation 44: 

𝑍𝐶𝑃𝐸 = 1 [𝑇(𝑗𝜔)𝑃]⁄   (7) 

where j is the imaginary unit, ω is the angular frequency defined as ω = 2πf, f is the 

frequency in Hz, T is CPE constant; the value of P varies between 0 and 1. The values 0 

and 1 of P imply the CPE of the circuit to be pure resistor, and capacitor, respectively. In 

Figure 7-9f, Rs represents solution resistance, R0 denotes the charge transfer resistance at 

the coating-electrolyte interface, R1 is associated with the resistance of the coating 

material. CPE0 and CPE1 denote the double layer capacitance at the coating-electrolyte 

interface and the capacitance of the coating material. 

Table 7-2 Fitted parameters from the EIS spectra. 

Sample Uncoated sample Coated sample 

Rs (Ω·cm2) 12.91 18.75 

R0 (Ω·cm2) 11034 9279 

R1 (Ω·cm2) -- 2.0E6 

CPE0 (F·sp-1) 1.1E-4 1.1E-9 

P0 0.47 0.96 

CPE1 (F·sp-1) -- 1.4E-5 

P1 -- 0.27 

For the uncoated copper, the charge transfer resistance R0 at the sample-electrolyte 

interface was ~104 Ω. On the other hand, the coated copper possesses an inner layer 

resistance R1 of 2×106 Ω, which is much higher than the charge transfer resistance. 

Therefore, the corrosion resistance of the coated copper mainly relies on the compact inner 

ceramic layer.  

The results of potentiodynamic polarization tests are presented in Figure 7-10. As shown 

in Figure 7-10, the PEO composite coating shifts the surface potential in noble direction 

and reduces the corrosion current density. From the Tafel curves, the corrosion potential 

(Ecorr), corrosion current density (icorr), cathodic and anodic Tafel constants (βc and βa) 
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could be obtained. The results are summarized in Table 7-3. Polarization resistances (Rp) 

were determined with Stern-Geary equation 46: 

𝑅𝑝 =
𝛽𝑎×𝛽𝑐

2.303×(𝛽𝑎+𝛽𝑐)×𝑖𝑐𝑜𝑟𝑟
  (8) 

 

Figure 7-10 Potentiodynamic polarization curves of the coated and uncoated copper 

samples. 

Table 7-3 Kinetic parameters obtained from the polarization curves. 

Sample Ecorr (V) icorr (A/cm2) βa (V/dec) βc (V/dec) Rp (kΩ·cm2) 

Uncoated Cu -0.18 2.2E-5 0.70 0.37 4.73 

Coated Cu -0.04 2.5E-7 0.12 0.24 141.7 

 

Firstly, the corrosion potential of coated sample was higher than the blank sample, 

indicating a decreased thermodynamic tendency of corrosion. Secondly, the anodic section 

of the coated sample was moved towards lower current density, indicating that the anodic 

reactions were restrained by composite coating. Efficient and stable passivation protection 

of the sample was also obtained. Moreover, the corrosion current density measured by the 
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polarization tests was 2.2×10-5 A/cm2 for uncoated sample, which was two orders higher 

than the corrosion current of the coated sample (2.5×10-7 A/cm2). The polarization 

resistance of coated sample was 141.7 kΩ·cm2, which was much higher than the uncoated 

copper sample (4.73 kΩ·cm2).  

7.3.5 Thermal conductivities of the PEA coatings 

Figure 7-11 demonstrates the measured thermal conductivities of the composite coatings 

with different thicknesses. The coatings’ thermal conductivities increased from 

~3.8W/(m·K) @ 25 μm to ~ 5.1W/(m·K) @ 60 μm.  

 

Figure 7-11 Thermal conductivities of the coatings with different thicknesses. 

These values are much higher than the alumina coatings prepared by PEO processes on 

aluminum alloys and PEA process on irons and steels 24,47,48. The relatively high thermal 

conductivity could be attributed to the presence of metallic Cu in the composite coating. 

As discussed above, these metallic Cu comes from the intensified sparks. It is well-known 

that the intensity of sparks increased with increasing coating thickness. Thus, the content 
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of metallic Cu would also increase with increasing coating thickness, which was confirmed 

by the cross-sectional images. 

7.4 Conclusions 

(1) A composite ceramic coating was successfully prepared on pure copper by plasma 

electrolytic aluminating process. 

(2) The Al(OH)3 passive film formed on the copper surface was indispensable for ignition 

of stable plasma discharges. XPS and XRD analyses indicate that the coating prepared by 

a prolonged PEA treatment contains metallic Cu, Cu2O, and Al2O3. 

(3) The hardness of coating is 1050±216 HV, which is 10 times of the pure copper. The 

wear mechanism against SAE52100 steel balls changed from ploughing wear of the copper 

for the uncoated sample to abrasive wear of the ball for the coated sample. 

(4) The composite coating shows effective corrosion protection of the pure copper in 3.5% 

NaCl solution. Stable passivation protection was achieved. The corrosion potential and 

corrosion current density of the coated sample are -0.04 V and 2.5×10-7 A/cm2, respectively. 

The polarization resistance of the copper increased from 4.73 kΩ·cm2 to 141.7 kΩ·cm2. 

(5) The coatings’ thermal conductivities increased from ~3.8 W/(m·K) @ 25 μm to ~ 5.1 

W/(m·K) @ 60 μm. The relatively high thermal conductivity could be attributed to the 

presence of metallic Cu in the composite coating. 
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8. Chapter 8 Discussion, Conclusions, and Future Works 

8.1 Discussion 

8.1.1 Electrolyte species 

In chapter 3, influence of PEA process parameters, including the concentration of NaAlO2 

in the electrolyte (C), the frequency (f) and duty cycle (δ) of the DC power supply, was 

evaluated by Taguchi experimental design and ANOVA analysis. It has revealed that the 

most influential parameter is the concentration of NaAlO2. In this study, we have found 

that the passive films formed on Fe and Cu consist of FeAl2O4 and Al(OH)3, respectively. 

Therefore, the sodium aluminate is the precursor, which is indispensable. Concentrated 

sodium aluminate could effectively decrease the critical voltage for the initiation of plasma 

discharges. Medium voltage PEA process (< 600 V) was successfully applied on the Fe 

and Cu substrates in the concentrated sodium aluminate solution. 

Sodium phosphate also has significant effect on the deposition of passive layer and the 

coating. As shown in Figure 3-2, the passive film formed in the solution containing 20 g/L 

of NaAlO2 and 5 g/L Na3PO4 is smooth and homogeneous while the passive film formed 

in the solution containing 40 g/L of NaAlO2 and 5 g/L Na3PO4 is rough and inhomogeneous. 

The coatings formed in these two electrolytes are also strongly different as shown in Figure 

3-3, which shows the coating formed in the latter one is very rough and loose. 

During the coating deposition process, oxygen evaluation reaction caused the decreasing 

of pH values: 

𝐻2𝑂 →  
1

2
𝑂2 ↑  + 2𝐻+ +  2𝑒−   (1) 

Followed by the precipitation of aluminum hydroxide and sintering of alumina: 

2𝐴𝑙(𝑂𝐻)4
− + 2𝐻+  → 2𝐴𝑙(𝑂𝐻)3 ↓  + 2𝐻2𝑂 →  𝐴𝑙2𝑂3 +  5𝐻2𝑂  (2) 
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It is well known that the hydrolysis products of aluminate ions strongly rely on the pH 

values: the monomer aluminate ions prevail when pH > 13; at pH 9.3-12.8 the polymers 

with the composition [𝐴𝑙(𝑂𝐻)4]𝑛(𝑂𝐻)2
(𝑛+2)−

 are formed. When pH < 9.3, rapid 

precipitation of aluminum hydroxide would dominate. The formation of aluminate 

polymers is desired, which means the localized pH value near the anode surface should be 

9.3-12.8. There are two pH-related hydrolysis reactions for phosphate ions in the 

electrolyte: 

𝑃𝑂4
3− +  𝐻+  →  𝐻𝑃𝑂4

2−  (3) 

𝐻𝑃𝑂4
2− +  𝐻+  →  𝐻2𝑃𝑂4

−  (4) 

The pKa values for reactions (3) and (4) are 12.37 and 7.20, respectively. Therefore, the 

phosphate ions are able to stabilize the localized pH value near the anode surface and 

promote the formation of aluminate polymers instead of uncontrolled rapid precipitation 

of aluminum hydroxide. The phosphate ions could also prompt the formation of phosphate-

aluminate complexes, which are beneficial for the uniform deposition of aluminum 

hydroxide. EDS analysis demonstrated that the passive layer formed on iron substrate 

contains high amount of Fe (10~15 at. %), Al (20~25 at. %) and O (50~60 at. %) with 

minor amount of P (2~3 at. %). This minor amount of P could come from the phosphate-

aluminate complexes. On the other hand, the amount of P is negligible in the final coating 

(< 1 at. %), which means the P was removed during the plasma sintering reaction 

(phosphate-aluminate complexes → alumina). 

4𝑃𝑂4
3− → 𝑃4𝑂10 (𝑠) +  3𝑂2 (𝑔) + 12𝑒−  (5) 

𝑃4𝑂10(𝑠) +  12𝑂𝐻−  →  4𝑃𝑂4
3− + 6𝐻2𝑂  (6) 
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In summary, the sodium aluminate is the precursor of the passive layer and the coating. 

Concentrated sodium aluminate enables the PEA process to be performed under medium 

voltage (< 600 V). Sodium phosphate could improve the quality of the coating by acting 

as buffer and complexing agent. 

8.1.2 Influence of substrate materials 

In this project, two different non valve metals, i.e., Fe and Cu, were chosen as the substrate 

for PEA treatment. As investigated in Chapters 4 and 7, the iron substrate was incorporated 

into the passive film (FeAl2O4) while the copper substrate did not participate in the 

formation of passive film (Al(OH)3). This difference could be attributed to the difference 

of reduction potentials of Fe and Cu. 

Before the ignition of sparks, the possible anodic reactions in the basic electrolyte include: 

𝐹𝑒 →  𝐹𝑒2+ +  2𝑒−  (7) 

𝐶𝑢 →  𝐶𝑢2+ +  2𝑒−  (8) 

4𝑂𝐻−  → 2𝐻2𝑂 + 𝑂2 ↑  + 4𝑒−  (9) 

The standard electrode potentials for these three reactions are -0.45 V, 0.34 V and 0.40 V. 

From the principle of electrochemistry, the reaction with lower potential occurred 

preferentially.  

The standard electrode potential of reactions (8) and (9) are very close. Since our 

electrolyte is strongly basic, the concentration of hydroxides species (OH-) is much higher 

than the standard state. The reduction potential of reaction (9) will decrease following the 

Nernst equation: 

𝐸 =  𝐸0 −  
𝑅𝑇

𝑧𝐹
𝑙𝑛

[𝑅𝑒𝑑]

[𝑂𝑥]
   (10) 
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where 𝐸   is the reduction potential, 𝐸0  is the standard electrode potential, 𝑅 is the gas 

constant, 𝑇 is the temperature, 𝑧 is the ion charge (moles of electrons), 𝐹 is the Faraday 

constant, [𝑅𝑒𝑑]  and [𝑂𝑥]  are the activities of reduction agent and oxidation agent, 

respectively. Thus, it is possible that the reduction potential of reaction (9) is lower than 

that of reaction (8) in our strongly basic electrolyte. However, the reduction potential of 

reaction (7) is much lower than that of reaction (9), which cannot be compensated by 

increasing the concentration of OH-. Therefore, when PEA process was applied on Fe, 

reaction (7) occurred which means the iron substrate participated in the formation of 

passive film: 

𝐹𝑒2+ +  2𝐴𝑙𝑂2
−  → 𝐹𝑒𝐴𝑙2𝑂4 ↓  (11) 

On the other hand, when PEA process was applied on Cu, reaction (9) occurred 

preferentially. This reaction consumed large amount of OH- and caused localized 

acidification of the electrolyte near the anode (if the consuming rate of OH- by reaction (9) 

is higher than the supplying rate by diffusion in electrolyte, and this is the reason that a 

high current density is needed during the formation of passive film). Then the aluminum 

hydroxide will precipitate on the anode surface: 

𝐴𝑙(𝑂𝐻)4
−  →  𝐴𝑙(𝑂𝐻)3 ↓  + 𝑂𝐻−  (12) 

The copper substrate was not incorporated into the passive film. 

Another difference of PEA treatment on Fe and Cu is the phase structure of the coating. 

The coating prepared on pure copper contains metallic Cu while metallic Fe was not found 

in the coating prepared on Fe. This phenomenon could be attributed to the difference of 

vapor pressure of Fe and Cu. It is well known that Cu has much higher vapor pressure than 

Fe, which means Cu is much easier to be evaporated by the sparks. During the PEA 
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treatment on pure copper, large amount of Cu was evaporated by occasionally strong sparks. 

When excessive Cu met with the active species of the electrolyte, part of them was oxidized: 

2𝐶𝑢 + 2𝑂𝐻−  →  𝐶𝑢2𝑂 ↓  + 𝐻2𝑂 + 2𝑒−  (13) 

Rest of the Cu will be condensed into metallic copper particles and be embedded in the 

coating. This process is somewhat like the “droplet” defects in the PVD coatings, when 

arcing on the target occurred due to poor process control. On the other hand, Fe is less 

likely to be evaporated by the sparks. Only a small amount of Fe was evaporated by 

occasionally strong sparks and reacted with excessive active species in the electrolyte to 

form the hercynite (FeAl2O4) and/or iron oxides. Therefore, no metallic iron particle was 

found in the coating. 

8.1.3 Post-treatments 

Two different post-treatments, i.e., electroless nickel plating and sol-gel silica coating, 

were applied on the PEA treated iron samples to further increase the corrosion resistance. 

Although both post-treatments significantly improved the corrosion performance of the 

PEA treated iron samples, there are several differences. 

The electroless nickel plating is a bottom-to-up process, during which the nickel grows 

from the substrate to the coating surface along the open pores and cracks, as illustrated in 

Figure 8-1(a). Therefore, the surface pores were well retained and might serve as oil 

reservoirs during lubricated sliding or dimples to collect the wear debris during the dry 

sliding. Moreover, electroless plated nickel has high hardness which not only provides 

protection for the ceramic coating-metal substrate interface, but also is beneficial for 

improving the wear resistance. The thermal conductivity of PEA-EP coating (~1.44 

W/m·K) is pretty high because of the presence of metallic Ni. When a 20 μm-thick coating 
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was applied on a 3 mm-thick cast iron substrate, the effective thermal conductivity (coating 

plus substrate) is ~38 W/(m·K), which is very close to that of the cast iron. Therefore, the 

PEA-EP coating is aimed for the application where high wear resistance, moderate 

corrosion resistance and high thermal conductivity are required, for instance the braking 

rotors. 

On the other hand, the sol-gel dipping is an up-to-bottom process, where the silica sol was 

applied on the sample surface and then filled the surface pores by capillary effect. After 

heat-treatment, the silica sol was transferred into fused silica and sealed all the surface 

pores (including the open pores and/or cracks). Thus, the sample surface is much smoother. 

Due to the insulation property of SiO2, the PEA-SiO2 hybrid coating has the best corrosion 

performance among all samples and provides excellent long-term corrosion protection for 

cast iron substrate. The thermal conductivity of PEA-SiO2 hybrid coating is also lower 

(~0.8 W/m·K). The potential application of PEA-SiO2 hybrid coating is thermal 

management of cast steel pistons (used for heavy duty diesel engines) where high corrosion 

resistance, low thermal conductivity and low surface roughness are required. 
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Figure 8-1 Illustration of (a) electroless nickel plating, (b) sol-gel dipping. 

8.2 Conclusions 

1. Ceramic coatings with multiple functions have been successfully deposited on the 

surface of non-valve metals, including Fe and Cu, by the plasma electrolytic 

aluminating (PEA) treatment in electrolyte contains sodium aluminate and sodium 

phosphate.  

2. Incorporation of aluminate species is the key to the formation of passive films, which 

is indispensable for the initiation of sparks. Based on the reduction potentials of Fe and 

Cu, two different passive films were formed: FeAl2O4 passive film was formed on iron 

surface with the participation of iron substrate, while Al(OH)3 passive film was formed 

on copper surface without the incorporation of copper substrate. 

3. Taguchi experimental design and ANOVA analysis were carried out for evaluating the 

influence of selected process parameters: the concentration of NaAlO2 in the electrolyte 

(C), the frequency (f) and duty cycle (δ) of the DC power supply. It has been 
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demonstrated that C has the most significant influence on all coating properties. While 

f has stronger effect on the coating’s hardness and polarization resistance, δ is more 

influential on the coating’s thickness. The maximum multi-response S/N ratio (53.86) 

was achieved by confirm experiment with optimum level of A2B3C1 (C = 20 g/L, f = 

1000 Hz and δ = 0.2), which had an average hardness of 822 HV, polarization resistance 

of 296 kΩ·cm2 and thickness of 35 µm. 

4. The coating deposited on Fe mainly consists of Al2O3 and FeAl2O4. The adhesive 

strength and thermal conductivity were measured to be > 60 MPa and ~0.5 W/(m·K), 

respectively. After cyclic thermal shock tests, the coating retained its porous structure 

without spallation. The low thermal conductivity of the coating deposited on Fe could 

be attributed to the nanograins and amorphous materials. 

5. Post-treatments, including electroless nickel plating (EP) and sol-gel dip coating, were 

applied to seal the open pores and cracks of PEA coatings. Both the PEA-EP and PEA-

SiO2 coatings could retain good corrosion resistance after immersed in sodium chloride 

solution for five days, while the PEA coating degraded due to pitting corrosion at these 

open pores and cracks. The PEA-SiO2 coating demonstrates the best corrosion 

performance among all samples while the PEA-EP coating has the highest hardness. 

While the thermal conductivity of the PEA-EP coating is relatively high, the PEA-SiO2 

coating still has very low thermal conductivity. After cyclic thermal shock tests, both 

the PEA-EP and PEA-SiO2 hybrid coatings seem intact. 

6. The coating deposited on pure copper contains metallic Cu, Cu2O, and Al2O3. The 

hardness and polarization resistance of the coating were 1050±216 HV, 141.7 kΩ·cm2 

and ~5.1 W/(m·K), respectively. The coating has excellent wear and corrosion 
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resistance, which might be used for wear-corrosion protection of copper alloys. The 

coatings’ thermal conductivities increased from ~3.8 W/(m·K) @ 25 μm to ~5.1 

W/(m·K) @ 60 μm. The relatively high thermal conductivity could be attributed to the 

presence of metallic Cu in the composite coating. The amount of Cu particles increased 

with increased coating thickness, which could be attributed to intensified plasma 

discharges. 

8.3 Future work 

1. The tribological performance of PEA-EP hybrid coating needs to be investigated in 

detail. Performance of the PEA-EP and PEA-SiO2 hybrid coatings during the dyno-

tests could be another interest of research. 

2. Simulated erosion-corrosion tests on PEA treated copper samples is needed and might 

provide a new method to enhance the erosion-corrosion performance of copper alloys. 

3. The possibility of using PEA coating on pure copper as the insolation layer is another 

interest of study. 

4. Applying PEA process on other non-valve metals like Ni and Zn could also be part of 

the future work. 
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