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ABSTRACT 

New oxide coatings (UC- 1 and UC-2) that are protective, adhesive and chromate- 

eee have been developed for a particular Mg alloy (WE43) sufiace using a ddac current- 

voltage program. The UC-1 and UC-2 coatings differ in the anodization bath composition 

and the pre- and post-treatments employed. AU coatings are porous, with higher 

anodizing currents and longer times yielding thicker films. However, the use of a constant 

anodi ig  current, followed by a period of time for current decay, produces pores sealed 

deeper into the coating. A bamer film exists in-the UC-I, but not in the UC-2 coating. 

The coating corrosion behavior was characterized in 0.86 M NaCl using ac impedance, 

cyclic voltammetry (CV) and open circuit potential (OCP) measurements. The UC-I 

coating exhibited a much higher resistance than did the UC-2 coating, and performs 

sirnilariy to a standard anodized A1 aIloy in both the aqueous NaCl and jet fbel media. 
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1. INTRODUCTION 

1.1 M g  and M g  Alloys 

Mg and its alloys have many unique properties compared with other metals. Their 

most attractive feature is their low density, 1.73 g/cm3 for pure Mg [l] and ca. 1.80 a m 3  

for most M g  alloys [2], only about two thirds that of A1 and its alloys. Some other 

advantages are their very high strength-to-weight ratio, high stifhess, and mechanical 

castability. In addition, Mg is also very abundant, and is present in high concentration in 

sea water, and therefore it is a comparatively low cost material. 

Due to their attractive features, M g  alloys have been used extensively for a wide 

variety of structural and non-structural purposes. Structural applications include 

automotive, aerospace and military equipment, electrical and electronic equipment, 

recreational equipment, and in numerous other light-weight parts [ 1.3 ,4,5]. Nevertheless. 

three quarters of the annual M g  output is consumed in various non-structural applications 

[6],  mostly as an alloying element in alloys of Al, Zn, Pb and other nonferrous metals. 

Other non-structural applications include as an oxygen scavenger, desufirizer and a 

reducing agent in the production of various metals. Also. Mg is used in the Grignard 

reaction in chemistry, as well as for the cathodic protection of other metals and in the 

construction of dry-cell and reserve cell batteries [1,4]. 

Mg was first extracted in 1808 by Sir Humpiuy Davy. but it was not produced 

commercially until 1886 in Germany [L,7]. Initialiy, Mg alloys were developed for 

transportation applications, where the demand for fLel efficiency and high performance is 

obviously of importance. The production of Mg alloys increased greatly during both 

World Wars in Germany, particularly, leading to improvements in Mg alloy production 

and process technology. Especially in World War I, the Mg-Al-Zn alloy system was 

improved in tenns of corrosion resistance by the addition of M n  (0.2 %) to precipitate out 

deleterious impurities 11.81. This Grst generation alloy, Mg-Al-Zn-Mn, remained in 

service prior to W.W.lI, with an example being AZ91C. Another significant development 



7 - 
for Mg alloys was the discovery in 1937 that Zr has an intense grain refining effect on Mg 

alloys, hence improving the mechanical properties considerably (1,8]. This led to the 

evolution of the second generation Mg alloys, the more advanced Mg-Zr alloys, which 

enable higher operating temperatures, and have superior corrosion resistance and greater 

casting integrity due to their considerably finer grain size. The Mg-Zr alloys have been 

and are still used extensively in aerospace applications in gearboxes, landing wheels, etc. 

The most commonly used alloy is ZE4 1A [9]. 

In order to meet the increasing demand for light weight materials with high 

strength, high performance and especially high corrosion resistance in the aerospace 

industry, strenuous efforts have been directed to develop even newer Mg alloys in the last 

decade. Two new generations of Mg doys have been developed, with corrosion rates 

comparable to those of A1 based alloys. One is the high purity Mg-Ai alloy, in which the 

Fe, Ni and Cu contents are restricted to 50, 50 and 700 ppm maximum, respectively, and 

hence a vely high corrosion resistance is achieved. For instance, the corrosion resistance 

for the high purity AZ91E alloy is 70-80 times higher than for the conventional AZ91C 

Mg alloy, as measured by salt fog tests 191. The second type of new alloy is the Mg-Y- 

Nd-Zr system, with examples being WE54 and WE43. This group of alloys not only 

benefits from high purity and lack of microporosity due to the presence of Zr, but it also 

shows superior corrosion resistance and can be utilized at elevated temperatures. 

Therefore, these alloys have become very attractive for aerospace applications, such as in 

aero-engine and helicopter gearboxes operating at temperatures up to 250 'C [9,10]. 

Throughout the history of Mg alloy development over ca. 100 years, improving the 

corrosion resistance has always been a primary objective. The poor corrosion resistance 

of Mg and it alloys has greatly hindered widespread use, particularly when the alloys 

contain a high level of impurities (e-g., Ni, Cu, Fe) or the environment contains an 

aggressive species such as chloride or suLfate ion. Many current applications of Mg alloys, 

therefore, are facing the challenge tiom new, more corrosion resistant A1 alloys and 

polymeric matrix composites. In fact, there has been a gradual decline in the use of Mg 



alloys in the aerospace industry in recent years [7,9,1 I]. In the past decade, strenuous 

efforts have been made to develop advanced Mg alloys with higher performance, to 

develop new processing technologies to obtain the bea performance, and to invent novel 

corrosion protection schemes to improve the corrosion resistance of Mg alloys finher- 

As mentioned above, a new generation of Mg alloys, such as-cast WE43, WE54 and 

AZJIE, rapidly solidified (RS) EA65, and metal matrix composite (MMC) magnesium, as 

well as technologies such as thin wall and investment casting [2], have been developed to 

compete with alternative materials. Work continues to produce even stronger, more 

corrosion resistant, Mg-based materials. 

1.2 Project Background 

Wlth superior corrosion performance, comparable to A1 alloys, and improved 

mechanical propenies, both at room and elevated temperature, the new Mg alloy, WE43. 

has brought promise for the use of Mg alloys in aerospace and other special applications. 

WE43, developed by Magnesium Elektron Ltd. [13], is an d o y  with high purity. 

intrinsically high corrosion resistance and high strength with long term stability up to 250 

"C. The chemical composition of WE43A-T6 is given in Table 1-1, where T6 denotes the 

fact that the alloy has been solution treated and artificially aged [3]. The impurities in this 

alloy, in particular, Fe, Ni and Cu, have been reduced to a very low level. Many industrial 

companies and research institutes, such as AlliedSignal Inc. [14], Sundstrand Aerospace 

Tubie 1-1 The chemicd composition of HE43- T6 alloy (wt %) [I21 

' The WE43 alloy used in this work. 

Ni 
4 

0.00 

0.01 

m43* 1 3.73 1 2.41 1 0.234 1 1.1 1 0.032 1 0.125 I 0.018 1 0.001 1 0.003 1 9s104 1 1 ~ 1 0 "  1 
Min. 

M k  

Y 

3.70 

4.30 

Nd 

2.00 

2.50 

Mn 

0.00 

0.15 

Zr 

0.40 

1.00 

Cu 

0.00 

0.03 

Re 

0.00 

1.90 

Fe 

0.00 

0.01 

S i 

0.00 

0.01 

Zn Li 

0.00 

0.20 

0.00 

0.20 



[I 51, Westland Helicopters Ltd. [16], General Electric, Bell and Sikonky, Eurocopter 

France [lo], Garrett, Lucas Western, Turbomeca, Fiat, the U. S. Naval Laboratory. 

Manchester University in the etc., are now actively evaluating and investigating the 

properties of WE43 further in various environments. Most recently, it has been reported 

117,181 that WE43 alloy casting has been utilized in transmission systems in helicopters. 

and that WE54 casting has been used for engine components in high performance racing 

cars. 

AUiedSignal Inc., one of the leading industrial and scientific companies in North 

America, with an extensive metallurgical research and development operation [19], has 

camed out the study of the potential applications of WE43 in components of aircraft, and 

in particular, in control systems for fuel flow in jet engines (he1 control body) for several 

years. Different methods and techniques have been employed to evaluate the performance 

of WE43 in all possible circumstances, i-e., in various media and at different temperatures. 

In a fuel control body, Mg alloys are mainly exposed to two types of corrosion 

environments [20]. The exterior surface of the body is expected to contact humid air, 

water, salt-containing water and hydrocarbons, while the interior surfaces contact only 

hydrocarbons. In addition, both the interior and exterior surtaces of the control body 

involve potential galvanic couples, and the fuel could be contaminated with salt water or 

could be slightly acidic after elevated temperature exposure. For the application of Mg 

alloys in hei control bodies, therefore, surface protection schemes must be developed and 

applied to supplement WE433 intrinsic corrosion resistance and improve its resistance to 

galvanic coupling. 

A number of anodic or chemical conversion coating techniques have been 

developed and are commercially available for Mg alloys, for example HAE [2 1 1, Dow 1 7 

[22], Magoxid E23.241, and Tagnite [25]. However, some of these processes involve a 

chromat e-based component which is being restricted by environment regulations. 

Therefore, chromate-fiee met hods are becoming more important. Magoxid and Tagni te 

are the two chromate-fiee commercial anodic coating processes that offer superior 



corrosion resistance for Mg alloys. Both processes are similar and appear to offer a 

comparable degree of corrosion protection for Mg alloys. During anodization, a spark 

process results Eom the application of a very high voltage of ca 200 to 300 V to the Mg 

alloy. This spark process produces an anodic film containing M g  oxidehydroxide and 

other inorganic oxides and compounds on the d o y  surface. These anodic films provide 

both good corrosion protection and abrasion resistance, as well as offer an excellent paint 

base for firther treatment. When the anodic films are treated further by, for example, 

sealing and/or painting, an even greater corrosion and abrasion resistance can be expected. 

The overall objective of this project has been to develop and evaluate new anodic 

oxide coatings, formed in a similar manner to the commercial Magoxid and Tagnite 

processes, for the protection of WE43 alloy in various aggressive environments, such as in 

sea water and &el media. The two new anodic coating processes (UC-1 and UC-2) are 

non-chromate-based and it is hoped that they can offer a similar or better corrosion 

protection for the WE43 alloy than the commercial methods. Various electrochemical 

techniques, including cyclic voltammetry (CV), Tafel slope measurements, and ac 

impedance? as well as the tracking of the open circuit potential (OCP) as a function of 

immersion time in a NaCl solution, have been utilized to establish the corrosion rate of 

WE43 in various media and to understand the coating protection mechanism under these 

conditions. In addition, surface techniques such as scanning electron microscopy (SEM) 

and energy dispersive X-ray analysis (EDX) have also been employed to characterize the 

oxide films. Based on these results, it is hoped that an improved surface coating process 

will have been developed to maximize the corrosion protection of the WE43 alloy in these 

media. Also, it is hoped that these experimental results will enhance the application of 

WE43 in fitel control bodies in the aerospace industry. 

1.3 Thesis Objectives 

The primary objective of this thesis is to identify approaches to improve the 

corrosion resistance of the WE43 alloy in aqueous NaCl solutions and industrial he1 

environments through surface anodization processes. A second goal is to establish the 
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properties of the oxide h s  formed on the WE43 doy,  in terms of their microstructure, 

thickness, porosity, electrochemical behavior, etc., by using a range of electrochemical and 

surface microscopic techniques. Also, an attempt has been made to understand the 

corrosion mechanism of the anodized WE43 alloy. It is hoped that this work will make a 

significant contribution to the development and improvement of M g  and Mg alloy 

anodization processes and to enhance the usefulness of the WE43 J o y  in the aerospace 

industry. More specifically, the objectives of this thesis include the following: 

To develop a new anodiition method based on two commercial coating methods, 

yielding improved oxide film properties, for the WE43 alloy. It is hoped that this 

anodmtion technique will be applicable also to large scale specimens. 

To test the oxide coatings for their corrosion resistance in aqueous NaCl solution and 

in a fuel medium, 

To understand the nature and properties of the oxide film formed at the WE43 alloy 

(e-g., the structure, composition, thickness, electrochemical properties, etc.) and to 

establish a correlation between film properties and the electrochemical performance in 

terms of corrosion, These studies, in turn, should direct the modification of the 

experimental conditions in order to improve the oxide film properties hrther. 

To determine the corrosion mechanism of oxide-coated WE43 alloy in aqueous NaCl 

solution, based on the information obtained above, 

To compare the corrosion resistance of anodized WE43 with a standard anodized A1 

alloy, C355, which is often employed in aerospace components. The C355 alloy 

provides a baseline for the assessment of the performance of the anodized WE43 alloy. 

As the behavior of oxide-coated WE43 in he1 media is critical to its practical 

application in the he1 control body, another goal of this work has been to establish an 

electrochemical approach for the evaluation of coatings in the fbel environment. 



7. Electrochemical techniques, such as CV. ac impedance and OCP measurements. have 

been used to monitor and evaluate metal oxide films for many years. Therefore. 

another major objective of this research has been to develop an effective and efficient 

electrochemical approach to predict, monitor and evaluate the corrosion resistance of 

coated Mg alloys or of other metals in any given medium. 

1.4 Thesis Organization 

This thesis is composed of 8 chapters. The properties of Mg and its alloys. as well 

as their applications, are briefly discussed in Chapter 1. Then the background and 

objectives of this project and the overall description of the thesis content are reviewed. 

The literature regarding the known and expected electrochemical behavior of pure Mg and 

Mg alloys, as well as of the WE43 alloy, in various environments is described in Chapter 

2. Also, the susceptibility of Mg and its alloys to corrosion and the current corrosion 

control assessment techniques employed, are briefly reviewed in Chapter 2. The general 

experimental methods employed and the equipment and electrochemical techniques used in 

this work are discussed in Chapter 3. 

The results obtained in this research are summarized in Chapters 4-7. The 

development of the anodization process for the WE43 alloy, and the characterization of 

oxide film properties as a function of the anodization conditions by SEM, are described in 

Chapter 4. The development of the first anodization process, i.e., the University of 

Calgary process 1 (UC- I), originally similar to one of the commercial coating methods, is 

described in detail in Chapter 5. The results and discussion concerning the UC-1 coating 

in 0.86 M NaCl solution are given in the same chapter. The development of the second 

anodization process, i-e., the University of Calgary process 2 (UC-2), and the evaluation 

of the UC-2 coatings in 0.86 M NaCl solution are presented in Chapter 6 .  A comparison 

of the UC-1 with UC-2 coatings is given in Chapter 7. Also, the performance of the UC- I 

coated WE43 specimen with that of standard anodized A1 alloy samples in terms of their 

corrosion resistance in 0.86 M NaCl solution and in the fbel medium are addressed in 



Chapter 7. Finally, the overall concIusions and suggestions for firrther research work in 

this area are given in Chapter 8. 



2. CORROSION AND PROTECTION OF MG ALLOYS 

2.1 Corrosion ProbIems of M g  AUoys 

Mainly because the current annual world production of Mg is only ca. 1.5 % of the 

output of A1 and because only one quarter of all this Mg is used to produce structural Mg 

alloys [6], the research and development work, and hence the number of publications on 

Mg alloys, is far fewer than for A1 alloys. The most significant problem in the application 

of Mg alloys is their poor corrosion resistance, which has hindered their widespread 

application in industry and has limited krther research and investigation. In contrast, Al 

alloys have received much more attention and have been studied thoroughly due to their 

inherently superior corrosion resistance and relatively tight weight. However. with the 

development of new Mg alloys and of modem processing techniques, as well as of new 

surface protection schemes, recently there is regained confidence in the use of Mg alloys in 

various applications. 

2- L I The WE43 alloy and its properties 

Mg-Y alloy development work began over' 15 years ago in England by Mg 

Elektron Ltd. and the fist alloy was designated as WE54 [9]. A specification, AMS 4426. 

was issued for the WE54-T6 alloy in 1990 [26]. Initially, it was believed that the WE54 

alloy would be attractive for aerospace applications, but problems with its temperature 

instability led to the development of a newer alloy, WE43. Having almost the same 

properties as WE54, but longer term stability at temperatures up to 250 "C, the WE43 

alloy has shown even better yield and tensile strength than the high temperature A1 alloy 

A203 and it is more stable than the high strength A1 alloys, A20 1 and C3 55, which are 

used extensively in aerospace applications (e-g., in gearboxes) [9,13]. More importantly. 

salt fog teas (as per ASTM B 117) have indicated that the WE43 alloy has an intrinsic 

corrosion resistance similar to many A1 casting alloys used in aerospace applications. such 

as C355, A20 1, A203 and A206 [9]. An 4427 specification was issued in 1992 for 

WE43A-T6 [27]. It is believed that the high performance WE43 alloy has drawn the 



interest of designers of aeroengines and other power systems, helicopter transmissions. 

missiles, racing and high performance cars, etc. 

Although WE43 possesses an inherent corrosion resistance similar to that of A1 

alloys, this does not mean that it can be used without any protection. A study of the 

corrosion properties of WE43 [28,29] revealed that it exhibited the lowest maximum pit 

depth of all of the A1 and Mg alloys examined, while the galvanic corrosion behavior of 

WE43, however, was not significantly better than that of the conventional Mg-Al alloys 

(such as AZ91C) and other conventional A1 alloys. Therefore, a correctly applied surface 

protection scheme will be necessary to permit the WE43 alloy to be used with confidence 

in the aggressive envimnrnents encountered frequently by aerospace components. Much 

work has been done in recent years, and work continues to further enhance the 

effectiveness of the protective schemes for the WE43 alloy. 

2.2.2 Surfiace film properties of Mg and Mg &ys 

M g  and its alloys form a mixed surface film of Mg hydroxide and Mg oxide when 

exposed to humid air [30]. Normally, this film exhibits excellent stability, and therefore 

provides reasonable corrosion resistance at room temperature. This is why M g  and its 

alloys may be more resistant to atmosphere corrosion than is mild steel [I]. The film 

formation reaction on M g  is often simply described by: 

In neutral and alkaline environments, this Mg(Om film can offer considerable 

protection to the metal [31]. However, this Mg(OH)* film cannot prevent M g  £tom 

dissolving in most acids, except in hydrofluoric acid, where an insoluble film MgF2, is 

formed and protects against further attack. 

Reaction (2- 1 ) can be written as two half-cell reactions, 



The standard electrode potentials for these reactions are -2.69 V and -0.828 V vs. 

SHE for 1 M OH* (pH 14) at 25 "C [32,33], respectively. However, the measured 

potential of Mg is always much less active than its thennodynamic potential due to the 

protective effect of the surface tilrn and the fact that a mixed potential is always measured. 

In most cases, hydrogen evolution is the main cathodic reaction associated with Mg 

oxidation. Only under conditions of good aeration does oxygen reduction play a 

significant role in Mg corrosion. As the potential becomes more active (negative) due to 

the presence of anions, oxygen reduction becomes even more trivial relative to hydrogen 

evolution. These active anions include CI-, B< SO?., NO,- and ~10; [7,34]. It has been 

proposed [35] that these anions are driven by field-assisted transport to anodic sites on the 

metal surfke, where they form soluble Mg salts and are therefore damaging to the 

Mg(O& film. The effective sites for hydrogen formation are low hydrogen overpotential 

elements such as Fe, Cu, or Ni, which may exist as alloy impurities. or sufiace 

contaminants f?om processing or from the reduction of salts in the environment. Not only 

do these elements act as active sites for hydrogen evolution, but they can also enhance Mg 

corrosion via galvanic coupling. Therefore, it is extremely important to eliminate or 

control the content and presence of these low hydrogen overpotential metals in Mg 

production and in its applications. 

The actual film formation mechanism for Mg and its alloys in aqueous media of 

varying pH is far more complex than described in reactions (2-1) to (2-3) and is still not 

clearly understood. Also, the tilm composition and propenies are not known with 

certainty. The film in aqueous solution is usually considered as Mg(OWlike, while in 

some cases, a thin MgO layer is suggested to form initially, being replaced quickly by the 

more stable Mg(Om layer [36,37]. Other solution components are also likely to be 

present in the film. In fluoride containing solutions, the formation of MgFz occurs, along 

with Mg(OH)2 [38,39]. The insolubility of MgF2 film makes Mg and its alloys survive in 



HF and other fluoride containing solutions. Also, chloride containing M s  surface 

compounds were formed in chloride containing solution 1401. Even Mg hydride has been 

detected in some cases 1411. Ail ofthese process complicate the film formation process at 

Mg and its alloys. Different corrosion mechanisms in aqueous solution have been 

proposed, including the formation of metastable monovaient ions [42,43], the formation of 

Mg hydride [4 11 and of magnesium hydroxide or oxide [44,45,46]. 

The naturally formed film at Mg and its alioys (e-g., Mg(Om or other forms) is 

not considered to be a good protective film for Mg and its alloys due to its porosity and 

permeability to water and Mg ions 1371. Therefore, M g  and its alloys are still susceptible 

to general and localized corrosions, especially in aggressive media. It is well known that 

good passive films should have the ability to restrict the outward flow of cations and the 

inward flow of damaging anions or oxidants, to resist film breakdown by aggressive 

species, and to repair themselves rapidly in the event of localized breakdown. Examples 

of good passive films are those formed on titanium and aluminum. It is believed that the 

properties of the surface film, particularly its structure and composition, are responsible 

for its protective characteristics. Studies on passive films have suggested [47,48,49] that 

non-crystalline structures yield a much better protection from corrosion attack than 

clyaalline structures, as the former can resist ion movement better. Mg(0H)z films are 

norrnalIy considered to be crystalline, or at least partially crystalline, in nature, therefore 

having very limited ability to protect Mg and its alloys from corrosion. It is possible that 

RSP, one of the new Mg processing techniques, results in a less ordered Mg(0H)z surface 

film having an improved corrosion resistance compared to conventional Mg alloys [SO]. 

2.1.3 Corrosion problems related to Mg and its alloys 

There are many factors involved in the corrosion of Mg and its alloys, including 

their surface condition, the environmental conditions, as well as the alloy composition, 

thermal and mechanical history, or even whether they are in contact with other dissimilar 

metals. Depending on the situations involved, Mg and its alloys may suffer various forms 

of corrosion attack. In this section, several types of corrosion attack and some 



environmental factors are briefly described, with the main concern being general and 

galvanic corrosion, the two most common problems encountered for M g  and its alloys. 

General corrosion of M g  arises fiom the lack of an effective passive filn while 

galvanic corrosion is caused primarily by the impurities in the alloy or the environment. 

As discussed above, bare Mg and M g  alloys can develop a protective surface film of 

Mg(Om to prevent fbrther corrosion in air. The corrosion of Mg under atmospheric 

conditions depends upon the process of conversion of the protective d a c e  film to 

soluble bicarbonates, sulfites, and sulfates, which are washed away readily. This corrosion 

process is generally uniform and not too severe, except in industrial and marine 

atmospheres, thus it can be prevented effectively by coating or anodizing the Mg sufiace. 

Similar to the case in air, unhished Mg alloys can form a protective surtace film 

to prevent further corrosion in fiesh water, thus the corrosion rate is negligible. However, 

severe corrosion may occur in electrolytic solutions, especially in solutions containing 

chloride ion or heavy metal impurities, which break down the protective film locally and 

result in pitting. As a result of Mg(O& tilm dissolution, Mg alloys are attacked by most 

acids, except hydrofluoric and chromic acid, where insoluble surface compounds are 

formed. However, Mg alloys are resistant to corrosion in alkaline solutions. 

Galvanic corrosion is another type of corrosion that Mg alloys are susceptible to. 

mostly due to the fact that Mg and its alloys head the galvanic series as the most anodic. 

Galvanic corrosion is encountered when Mg alloys are in electrical contact with other 

metals in conductive environments. For example, in the case of marine atmospheres, the 

stimulation of local cell action by chloride ion may cause severe damage to M g  alloys. 

The presence of impurities either in the alloy or the environment also causes galvanic 

corrosion of Mg alloys. The most common impurities existing in M g  alloys are Fe. Ni. 

and Cu, which are present either as alloy phases or are picked up as impurities during the 

alloying process. The investigation of the effects of various metals on Mg alloy corrosion 

has been carried out for over 50 years. A well defined impurity level, i-e., a tolerance 

limit for various elements in Mg alloys, has been observed [Sl]. It was shown that the 



corrosion rate of Mg ailoys will increase dramatically when the impurities exceed these 

Limits, which are 170, 1000 and 5 ppm for Fe, Cu, and Nb respectively. Further studies 

have indicated that these tolerance limits are also affected by some common alloying 

elements in Mg doys. For exampie, the addition of Mn and Zn increases the tolerance 

Limit for N, but not for Fe and Cu. On the other hand, the addition of M ~ I  can reduce the 

corrosion effect of Fe from Mg alloys. In early times, therefore, both Mn and Zn were 

added to most commercial Mg-AI doys to improve their corrosion resistance. A1 is an 

important compatible element for Mg, which allows the fabrication of Mg rich Mg-AI 

alloys with strength, &ess, and corrosion characteristics adequate for use in aerospace 

components. 

High temperature oxidation is also a problem for Mg and its alloys, especially 

when the temperature is above 450 "C. With increasing temperature, the initial protective 

film will be replaced gradually by a non-protective, porous and white MgO film over the 

alloy surface [52]. It has been suggested [53] that this high temperature oxidation 

reaction takes place at the metaVoxide interface. Some of the alloying additions in Mg 

alloys wilt increase the oxidation rate if they lower the melting point of the oxide 1531. 

Related to the present project, AlliedSignal Inc. is considering using the WE43 alloy in a 

&el-control body, where high temperatures are expected. Although this temperature issue 

is not of concern at the present time, the high temperature oxidation of WE43 alloy must 

be considered later on. 

Some other forms of corrosion attack, such as localized corrosion, stress corrosion 

and corrosion fatigue, are also encountered by Mg alloys. Localized corrosion of Mg 

alloys includes intergranular corrosion, pitting, fiLiform corrosion and crevice corrosion 

[29]. Pitting occurs as a consequence of the localized breakdown of the protective film by 

chloride or results &om local cell action caused by surface contamination or impurities. 

Mg alloys are usually not subject to crevice corrosion involving oxygen concentration 

cells, as oxygen is not a critical aspect of the aqueous corrosion process of Mg. Also. 

actual service filure of Mg alloys caused by stress corrosion cracking (SCC) is rare in 



industry. The tendency to crack is limited practically to Al-containing Mg alloys and only 

in chloride containing. environments. Protective coatings can reduce the risk of SCC by 

keeping the aggressive elements away from the metal su~ace. Corrosion fatigue of Mg 

alloys can occur through either fkesh or d t  water exposure [I]. 

2.2 Corrosion Protection Methods Used for M g  Alloys 

Many conventional approaches have been developed to prevent metals from 

corrosion attack in various environments. One general approach is to separate the metal 

from the aggressive environment by coatinglpainting its surface (such as various chemical 

or electrochemical coatings). Another approach is to reduce the corrosion rate of metals 

by external polarization based on electrochemical principles (such as anodic and cathodic 

protection). In some situations, it is also possible to modify the environment to make it 

Iess corrosive. 

Approaches to protect Mg and its alloys from corrosion are based on the same 

principles as mentioned above, except that anodic/athodic protection is not applicable, as 

Mg alloys are among the elements with the most anodic potential and generally lack an 

effective passive film. To prevent the general corrosion of Mg alloys, the approaches 

which have been used include protective coatings, rapid solidification processing and other 

surface modification techniques. The protective coatings approach is of primary interest 

here because it is very common in practice, and is the main goal of this research project. 

Other approaches such as altering surface properties by rapid solidification processing 

(RSP) and surface modification methods involving the manufacture and processing of Mg 

alloys will be only briefly mentioned here. 

To control the galvanic corrosion of Mg alloys, it is very crucial to minimize the 

contaminants in the alloy and in the environment, most commonly being Fe, Ni and Cu. 

The corrosion performance of some Mg alloys is a direct &nction of alloy purity. 

Actually, the production of high purity Mg alloys with low concentrations of deleterious 

elements is another often used strategy to improve their corrosion resistance, in particular 



to reduce the potential of galvanic corrosion. More recently developed high purity Mg 

alloys, where these common contaminants are maintained below a specific tolerance limit. 

have been shown to exhibit superior corrosion resistance vs. conventional alloys. For 

example, the salt fog corrosion rates for high purity alloys WE54, WE43, and A29 1E are 

two orders of magnitude lower than for conventional AZ9 1C alloys. Therefore, effective 

and efficient galvanic corrosion prevention of Mg alloys begins at the production and 

design stage. The standard design practices [54] in applications involving Mg alloys 

include avoiding or insulating the incompatible metals, minimizing corrosion producing 

impurity levels good drainage, as well as using the appropriate combination of 

mechanical, chemical or electrochemical tilm coating techniques. In practice, the 

determination of an appropriate corrosion protection approach for Mg alloys should not 

only reflect the selection of the protection methods mentioned above, but also involve the 

expected operational environment, design We, cost and allowable corrosion rate. 

2.2. I Protective coatings 

The use of protective coatings is the most commonly employed technique for the 

corrosion protection of Mg alloys. The success of the protective coating depends upon 

the film resistance and its adhesion. There are two approaches to the application of a 

protective barrier on the surfaces of Mg alloys [SS]. One is to form a protective film by 

chemical or electrochemical conversion treatments. This protective film results from the 

oxidation of the metal, to form an oxide, considered to be effective only in mildly 

aggressive environments such as atmospheric. The other approach is to apply a coating 

on the surface by brush or spraying methods. The coatings normally contain inorganic 

and/or organic components, which restrict access to the substrate f?om the environment. 

In the case where the most effective protection is required, these two types of treatments 

are frequently used in conjunction with each other. 

A number of methods are available to form the chemicaVelectrochemical type of 

coating. A proper surface preparation technique is essential for first removing the air- 

formed alkaline hydroxiddcarbonate layer on the Mg surface before conversion of the 



corrosion susceptible surface into a corrosion resistant surface. This M~O/MQ(OH)~  

containing film produced by chemical conversion and anodizing procedures is regarded as 

providing limited protection against atmospheric corrosion for relatively short periods of 

time or to serve as a base for supplementary coating/painting. Various chemical 

conversion processes, such as the C r-Mn conversion process and the chromate conversion 

coatings @ow 7), in particular, are in use throughout the world. These chemical 

treatments usually involve the dipping of the M g  alloy into acidic or nearly neutral 

solutions containing Cr (VI) compounds, which results in the formation of a passive oxide 

layer on the surface of the Mg alloy. Anodic oxidation can also produce a 

MgO/Mg(Om-containing film with excellent paint-base or polymer coating-base qualities 

and reasonable corrosion resistance. They also have good hardness and abrasion 

resistance. Examples of anodizing processes for Mg alloys include the Dow 17 and HAE 

methods. The Dow 17 is carried out in an aqueous acidic solution containing a 

combination of phosphate, fluoride, and chromate, whereas the HAE uses an aqueous 

alkaline electrolyte containing a combination of phosphate, fluoride, manganate, and A1 

ions. 

Although the conversion coatings produced by chemical or electrochemical means 

can allow ingress of electrolyte through to the base metal, due to the porosity of the 

coatings, they do provide an effective and resistant base for fbrther post-treatments in the 

case where the most protective coating is required. The post-treatment process usually 

consists of at least two steps, "surface sealing" and "painting". Surface sealing is intended 

to fill the film pores and painting is intended to provide another barrier to restrict access of 

electrolyte to the substrate. It is necessary for the coating to be sealed first before painting 

[56]. Surface sealing normally utilizes organic resins and inhibiting pigments, while 

painting often includes two steps, e.g., priming and finish painting. The selection of 

surface sealant and paints, the number of coats, the temperature of application, and the 

adhesion between the sealant and the primer must be considered thoroughly in order to 

obtain optimum corrosion protection in very aggressive environments. 



An investigation carried out by F. Mansfeld et a1 [57] compared the results 

obtained for a Cr-Mn conversion coated and anodized (using Dow 17 and HAE) Mg 

A23  1 alloy with one to three layers of coats using electrochemical techniques. They 

found that the corrosion resistance of this M g  alloy could be improved greatly by 

anodizing foliowed by sealing; excellent corrosion protection was achieved after two to 

three layers of an epoxy coating were applied. These results suggested strongly that the 

porous oxide film must be sealed properly with an organic resin. 

Most conversion treatments described above normally involve chromate-containing 

solutions, which are environmentally hannfUl and are being gradually restricted. The 

development of a chromate-free process for Mg alloy corrosion protection is becoming 

more imperative. Recently, Bartak et aI [5 81 developed a chromate-free electrochemical 

process to produce a silicon oxide rich anodic coating on Mg alloy surtaces (the Tagnite 

process). It is claimed that this protective layer provides signiticant improvements in 

resistance to corrosion, mechanical damage, and wear. Moreover, this silicon oxide rich 

surface coating serves as a good base for supplementary organic top coats. Importantly, 

this electrochemical process is more environmentally acceptable than the conventional 

processes mentioned above. Another commercial process for anodizing Mg alloys has 

also been developed (the Magoxid process), which is chromate-free as well. It is also 

claimed to not only provide improved corrosion and abrasion resistance, but also offers an 

excellent paint base. Currently, the anodic films produced by both processes are believed 

to provide the most effective protection for Mg alloys if fiuther coated with organic 

(usually polymeric) materials. Hawkins et al [59] assessed several protective finishing 

approaches, including Dow 17, E-IAE and Tagnite, for Mg alloys (2E41A-T5 and QE22A- 

T6), with and without sealant, primer, and polyurethane topcoat. Their results showed 

that the Tagnite coating on both alloys exhibited superior corrosion resistance as 

compared to that of the Dow and HAE coatings. 

Recently, other new methods have been developed for the protection of Mg alloys. 

For example, the physical vapor deposition process (PVD), developed by Benmalek et a1 
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[60], deposits S E  films on Mg doys. This S E  layer improves the corrosion and wear 

resistance of coated Mg alloy parts. A wide range of metallic materials can also be 

deposited on Mg alloys by magnetron sputtering without the limitations inherent in 

conversion coatings and anodization, with examples being TiN, Tic, WC, HfN. and ZnC 

[54]. These processes are in the research and development stage- 

2- 2-2 Rapid Soliciiification hcessing (ESP) 

The application of RSP technology to alloys (including Mg-based alloys) has 

received considerable attention during the past decade, not only because extremely good 

mechanical properties (such as strength) are achieved, but also because a high corrosion 

resistance is obtained [6 1,621. The extreme cooling rates (e.g., lo5- lo6 Ws) involved in 

RSP [7] leads to the production of alloys with very fine microstructure and with new 

phases, thereby minimidng the h d l  effects of impurities. RSP increases the limits of 

solid solubility so that a wider range of compositions and new phase formation become 

possible, allowing deleterious elements to exist in less hamfit1 phases [29]. Also. RSP 

tends to homogenize the material, therefore limiting local cell action. In addition, it 

provides a means of promoting the formation of oxide films with glassy structures that are 

regarded as the basis of effective passive h s  1341. For instance, RSP Al-containing Mg 

alloys may form Al-containing tilms over their entire surfaces, in contrast to conventional 

Mg alloys in which A1 is located primarily in secondary phases and where Al-containing 

films are formed only in localized areas. Generally films rich in A1 show high protective 

qualities and are self-healing. More studies towards the fbrther development of the RSP 

technique for Mg alloys are ongoing actively. 

2.2.3 Other Surface Modification Techniques 

Other types of surface modification techniques have been also developed to 

enhance metal surface properties and therefore improve corrosion resistance. Two 

principal types of surface modification techniques, ion implantation and laser annealing, 

are discussed briefly here. Ion implantation, which is more recently developed involves 



implanting certain elements into the M g  alloy surface by using a beam of energetic ions 

accelerated into the targa under vacuum conditions, thereby producing a modified surface 

which is not strictly controlled by thermodynamics [29]. The penetration depth generally 

ranges fiom 50 to 500 nm, depending on individual conditions [63]. The implanted ions 

are neutralized and remain in substitutional or interstitial positions in solid solution, thus 

forming d a c e  layers not predicted by thermodynamics [4]. Similar to the case of RSP. 

the improvement of corrosion resistance is mainly attributed to this homogenization effect. 

An electrochemical study of the effect of Fe-implanted. Mg and Mg alloys in aqueous 

chloride solutions [64] indicated that Fe implantation reduced greatly the corrosion 

current densities, as well as resulted in a positive shift of the OCP and of the breakdown 

potentials. 

The second surfiace modification technique, laser annealing, forms metastable solid 

solutions at metal surfaces, where extremely high cooling rates (10" Ws) are achieved by 

lasers pulsed in the nanosecond range [6S]. It is, therefore, a similar technique to RSP. 

but involves the melting and solidification of surfiace layers only. Laser pulsing of a zinc 

layer sputtered on a Mg alloy (AZ91C) substrate led to an improvement in pitting 

resistance to chloride ions was observed [65]. 

2.3 Evaluation of Extent of Corrosion Protection of Mg Alloys 

Generally, methods that are used to evaluate the degree of corrosion protection of 

coated Mg alloys are not much different from those used for other coated metals and 

alloys. Depending on the nature of the coatings, the environment that is involved, and the 

information to be obtained, various mechanical, chemical, electrochemical, optical, and 

microscopic approaches can be employed to evaluate coatings on Mg and its alloys. The 

properties examined include coating thickness, structure, porosity, chemical composition, 

the corrosion rate, pitting potential, abrasion resistance, or the overall short or long-term 

coating performance. Ln industry, a series of standard ASTM specifications and methods 

have been well established to assess various aspects of coatings, including corrosion 

resistance, wet adhesion, wear resistance, impact resistance, fatigue, etc. [66]. 



The most straightforward and simplest techniques involve the determination of a 

change in sample dimension (e-g., thickness) or weight, and the observation of the 

corroded surface. The more complex techniques involve measurement of hydrogen 

dfision, electrical resistance or relevant electrochemical characteristics. The methods to 

measure dimensional changes include ultrasonic thickness measurement, monitoring of 

eddy currents, and microscopic examination. The change in specimen thickness as a 

function of time can also be used to obtain the corrosion rate. Weight loss corrosion 

testing is used more than any other technique, as it can be used in the laboratory and field. 

Traditionally, when the results of other techniques are in question, they are usually verified 

through weight loss testing. The ASTM B117 salt-fog test [66] is the most commonly 

used weight loss measurement technique. The corrosion rate and penetration rate of the 

metal, expressed in either mils per year (mpy) or millimeters per year (mmly), can be 

calculated fkom the results obtained, 

2.3.2 Electrochem*cal techniques 

Electrochemical methods have become more and more attractive for the study of 

aqueous corrosion phenomena because they can probe the mechanism of the corrosion 

process. Not only do electrochemical techniques offer a clean way to accelerate the 

corrosion process, but also they can be used to measure corrosion rates without removing 

the specimen fiom the environment or even significantly disturbing it. There are several 

books and symposia which cover many of the major aspects associated with the 

application of electrochemical methods in corrosion [67,68,69,70,71,72,73 J. Most forms 

of metallic corrosion, including uniform, localized, galvanic, stress corrosion, and 

hydrogen-induced failure, can be investigated via electrochemical approaches. In addition, 

electrochemical techniques have been applied to high-temperature and high-pressure 

aqueous applications, as well as to the study of corrosion processes in non-aqueous media 

and low conductivity aqueous enhronrnents. The most commonly used electrochemical 

techniques in corrosion science include cyclic voltammetry (Tafel and linear polarization 



plots), OCP measurements, noise analysis, electrochemical impedance spectroscopy (EIS. 

or ac impedance), etc. 

In this work, the electrochemical techniques employed to study the oxide-coated 

Mg alloy (WE43) in aqueous solutions were OCP measurements, CV (including TafeI and 

linear polarization plots) and ac impedance. More detail about these three techniques is 

provided in the following sections. 

Corrosion is an electrochernicd process. Electrons flow fiom anodic sites at which 

the oxidation of the metal occurs to cathodic sites at which reduction of some species 

takes place. In the absence of an externally applied potential, the oxidation and reduction 

reactions occur simu1taneously at the same rate, and there can be no net electrical charge 

accumulation. Under these circumstances, the net measurable current is zero, while the 

measured steady-state potential relative to a reference electrode is called the corrosion 

potential (E-) or the open circuit potential (OCP). 

According to mixed-potential theory, Ei- (OCP) is located between the reversible 

electrode potentials of the two half reactions, i-e., of the corroding metal and the species in 

solution which is being reduced. Therefore, E- (OCP) is a characteristic parameter of a 

corroding system. When a metaVailoy is coated with a certain protective film, measuring 

the change of the OCP is the simplest method of assessing the effect of the coating. It is 

often assumed that the more anodic (positive) the potential of the electrode is relative to 

the reversible potential of the uncoated metal in a given environment, the better the 

protection properties of the coating should be [74]. However, deviations from the above 

rule have been found, probably because of uncontrolled (electrochemically) structural 

changes in a coating caused, for example, by chemical dissolution or changes in the degree 

of hydration. This is why OCP measurements can only supplement other electrochemical 

methods in real systems. 



OCP measurements have been employed in the past to investigate the corrosion of 

Mg alloys in aqueous solutions [75]. In the present work, the variation of the OCP of 

oxide-coated WE43 alloy specimens in a NaCl solution is tracked as a function of 

immersion time. An attempt is made to correlate the OCP changes with coating 

deterioration in a given environment, and with other electrochemical information. This 

method seems to be a rapid and simple method of assessing the performance of the coated 

rnetaValloy in the present work. 

2.3.2.2 Cyclic Voltammetry 

Cyclic Voltammetry (CV) is a common electrochemical technique used in 

corrosion studies to determine the corrosion rate and mechanism, When active corrosion 

is taking place and the potential is polarized fiom the OCP by several hundred mV, the 

rates of both the anodic and cathodic reactions often follow Tafiel behavior [76]. i-e., 

where E is the potential vs. the RE, i is the current density of the electrochemical reactioh 

and a and b are constants. b is termed the Tdel slope, and the range of E over which the 

logarithmic response is seen is named the "Tafel region". When the electrochemical 

corrosion process follows Tafel behavior, the cormsion current density, i-, can then be 

estimated. As shown in Figure 2-1, i, is obtained 6om the intersection of the 

extrapolated anodic and cathodic Tafel lines to the corrosion potential @,). Therefore, 

the corrosion rate can be calculated using Faraday's law. The reaction mechanism can 

also be clarified fkom the values of both Tafel slopes. 

In this work, the polarization curves of the oxide-coated WE43 alloy in the NaCl 

solution were measured potentiodynamically between two specific potential limits. The 

anodic and cathodic oxidation react ions are assumed to be M g  oxidation (reaction (2-2)) 

and hydrogen evolution (reaction (2-3)), respectively. As also shown in Figure 2- 1, 

polarization can also be carried out at potentials very close to the OCP. The potential- 
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Figure 2-1 Schematic of anodic and cathodic pol'iution curves 
for cm actively corroding metal w). 

current density plot is approximately linear in this polarization region, based on the Stern- 

Geary equation [77], 

where i-? b,, and b, are the corrosion current density and the anodic and cathodic Tafel 

slopes, respectively, AE is the change in potential ftom the OCP and Ai is the current 

density at OCP + AE. This equation holds only when a hear relationship exists between 

AI and AE, usually only over a limited range oft 10 to 50 mV fiom the OCP. In addition, 



it can be applied only when the overall r e a h  is under activation control. G. Bocchini 

[78] discussed thoroughly the valid'i of this linear approximation for systems undergoing 

general corrosion. 

Equation (2-5) can be expressed in a more simplistic form: 

where l$, is the polarization resistance ( R ,  = dE/ Ai) and B is a constant 

( B  = babe ) When b, and b, are known, and the polarization resistance, & can be 
23(k + b,) 

obtained fiom the slope of the potential-current in the linear region, the corrosion current 

density, and hence the corrosion rate, can be calculated according to (2-6). This linear 

polarization technique makes it possible to estimate the corrosion rate of a metal quite 

rapidly. For the study of the oxide-coated WE43 alloy, the polarization data in the linear 

region will be used to estimate the polarization resistance (%) and corrosion current 

density (L), to compare with the low frequency resistance obtained from the ac 

impedance method. 

2.3.2.3 AC I m p e h c e  Technique 

AC impedance, or EIS, is a small signal perturbation technique and has proven to 

be a powerfbl tool to characterize properties of coatings/paints on metals. This technique 

involves measuring the electrochemical current/potential response over a wide range of 

frequencies, e-g., 0.1 Hz to 65 kHz in this work, by applying a small amplitude (e.g., 5 or 

10 mV rms) sine-wave potential at a preselected dc potential. 

Theoretically, for a system consisting of a capacitor (C) and a resistance (R) in 

series, the impedance (2) is expressed as: 
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where j is the imaginary unit (fi) and cu the angular frequency (a = 7xf, f is the 

frequency in Hertz). Depending on tbe system studied, the instrumentation and the 

method of data analysis, there are several ways to express the ac impedance response over 

a range of fkquencies. As the impedance contains both real and imaginary parts, the ac 

impedance response can be expressed in the form of the real vs. the imaginary impedance. 

which is the Nyquist format It can also be depicted in the Bode format, where the change 

of overall impedance and phase angie is plotted against the frequency. There are also 

many other ways to describe ac impedance data, but these two formats, i-e.. Nyquist and 

Bode plots, are the most commonly used. 

As discussed above, ifthe small amplitude potential polarization (e.g., 10 mV rms) 

is applied around the OCP and is located in the linear polarization region, the Stern-Geary 

relationship also holds (equations (2-5) and (26) ) .  The polarization resistance, %, is 

then equal to the zero frequency limit of the real part of the Nyquist plot obtained at the 

corrosion potential (E, or OCP). When both the metal oxidation and the reduction of 

electroactive species are controlled by charge transfer, 4 is also equal to the charge 

transfer resistance (R), and the Nyquist diagram is a semicircle centered on the real axis. 

However, actual corroding systems often show more than one semicircle, and can contain 

a capacitive loop at high frequencies and at least one inductive loop at low frequencies. 

Under these conditions, the Stem-Geary relationship no longer holds. 

Ln the present work, the system studied involves the Mg alloy covered by an 

anodic oxide film and immersed in an electrolyte solution. Thus there could be up to three 

(or more) contributions to the measured impedance response, i.e., the metalloxide and the 

oxidelsolution interfaces and the oxide film itself [76]. Each of these may behave as a 

capacitance and a parailel resistance. The capacitance is associated with the charge 

storage properties of the interface and the film, while the resistances represent their leaky 

character. 



Generally, the simplest way to a a a l p  caw impedance data is to obtain the low 

fresuency impedance (&), which can be obtained by extrapolation of the linear region of 

the Bode plot to the low frequency limit, to 1 mHz or lower. For a coated metal, the 

higher the low frequency impedance, the better the coating should be. This low frequency 

resistance may vary as a function of exposure time in a given environment. Much 

additional information can also be extracted fiom impedance data analysis. The most 

commonly used method of interpreting ac impedance data involves modeling the system 

by use of circuit analogues to predict the coating behavior and properties tiom the 

magnitudes of the circuit elements. Usually, an equivalent electrical circuit composed of 

resistors (R), capacitors (C) and inductors &) is constructed to simulate the raw 

impedance data. Often, an empirical factor, called the constant phase element (CPE), is 

included in order to properly fit the data by circuit analogues. In most cases, a CPE takes 

the place of a pure capacitor. The CPE reflects the dispersion of the capacitive time 

constant around a central value. It may be introduced by transmission line effects, 

inadequate placement of the reference electrode, surface roughness, distn'buted 

parameters, etc. The relationship between the pure capacitor (C) and (CPE) [79] is : 

where the exponent n (0 < n 4) varies with the roughness of the electrode surface or 

other conditions. When n approaches 1, C = BE. In most cases, the introduction of a 

CPE into a circuit analogue makes the ac impedance data fitting of higher quality. 

However, the quantitative interpretation of CPE must be done with care. Fitting of the 

experimental ac impedance data to a theoretical circuit gives system specific parameters, 

such as the coating resistance, polarization resistance and wating capacitance. These 

parameters allow a comprehensive interpretation of the wating performance in a certain 

environment. Moreover, a model of the wating can be derived tiom these data. 
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The AC impedance technique can also be employed to investigate the properties of 

oxide films formed at the metdalloy surfaces, due to the fact that many metal oxides 

behave as dielectric materials. In this case, the metaVoxide/solution system is usually 

described as two well-defined capacitor plates separated by a layer of dielectric material, 

although the actual situation may be far more complicated. The film capacitance. 

therefore, is defined by the parallel-plate capacitor equation [go]: 

where A is the surface area, G the dielectric 

permittivity, and d the oxide film thickness. Thus 

constant of the film, E the vacuum 

if any two out of the three parameters ? 

(e.g., E, A and d) are known or can be acquired from other independent methods, the 

other one can be determined from the measured capacitance via equation (2-9). However, 

the dielectric constant, E, of oxide films is usually ditticult to measure, as it depends on the 

film formation conditions, tilm structure, temperature, etc. Examples of E values for some 

metal oxides are PdO 19-40 [till, A 1 2 0 3  4.5-8.4 [82]. The dielectric constant for high 

purity MgO has been reported to be 9.6 [83], while the value for a resin-coated anodized 

Mg alloy surface is 3.6 [57]. In this work, the value of 9.6 is used to calculate the oxide 

film thickness that was formed anodically on the WE43 alloy. 

Most of the prior ac impedance studies have been carried out with Al-based alloys. 

with an attempt to understand the coating formation and corrosion mechanism in aqueous 

solutions [84,85,86,87,88]. It has been shown that the technique c h  also be applied well 

to Mg alloys [57]. In the present work, the ac impedance technique has been employed to 

study the oxide-coated WE43 alloy in aqueous NaCl solution in order to obtain new and 

usefd information about the oxide film properties and to understand the corrosion 

mechanism involved. It should be noted that, in order to confirm the results suggested 

from the ac impedance data, additional measurements are usually necessary. For example, 

optical and spectroscopic data can give supplemental information about the coating 

thickness, the chemical composition and the structure oft he surface film. 



3. GENERAL EXPERIMENTAL ME'IINlDS 

3.1 Electrochemical Experiments 

Electrochemical methods were utilized in this work to evaluate anodized WE43 

alloy specimens in aqueous saline solutions and in hydrocarbon fuel media, with the use of 

standard three-electrode circuitry. The methods employed in this work include cyclic 

voltammetry (CV), Tafel or linear polarization plots, open-circuit potential (OCP) 

measurements and the AC impedance technique, combined with SEM analyses. 

The CV experiments were performed using an EG&G PARC 273 

potentiostat/galvanostat. A SAMSUNG SD630 PC installed with M270 (EG&G Inc.) 

software was interfaced to the system and used to acquire CV and OCP data, which were 

computer-stored and printed out, as needed, in graphical form on a laser printer. 

The impedance measurements were carried out using a Solamon 1255 frequency 

response analyzer connected to a Solartron 1 286 electrochemical interface. In this work. 

the frequencies ranged from 65 kHz to 0.1 Hz, 12 points per decade, with a polarization 

amplitude of 10 mV (root mean square). The sensing resistor was set to the "auto" mode 

in the low frequency range and 1 kR in the high frequency range. With all the features 

engaged, data gathering over the entire frequency range at a single potential required 

about 4 minutes. An IBM 8088 PC, with installed 2-PLOT 1.6 software (Scribner 

Associates, Inc.), was interfaced to the Solartron system and used to gather ac impedance 

data. 

Most of the ac impedance measurements were canied out at the OCP, while others 

were at potentials positive of the OCP. Therefore, the OCP versus time was recorded 

simultaneously while gathering ac impedance data. The OCP data was stored in a batch 

file of 2-PLOT and then read or printed out, as needed. 



Table 3-1 lists the equipment employed for the electrochemical experiments in this 

study. 

Table 3-1 M& and model of elec~ochemicai equipment used 

Instrument 

Potentiostat 1 EG&G Princeton Applied Research 1 273 
- - - - 

Electrochemical Interface I Solartron ~nstrurnents 

Frequency Response Analyzer I Solartron Instruments 1 1255 

X/Y Recorder I Hewlett Packard 1 70458 

3.1.2 Working electrodes 

The chemical composition of the WE43 alloy investigated in this work is shown in 

Table 1-1. Four types of working electrodes were employed in this work, i-e., a WE43 

rod electrode, a WE43 disc electrode, WE43 as-cast disc electrodes, and C355 Al alloy 

disc electrodes, used to provide a baseline for comparison of the WE43 electrochemical 

data. 

3.1.2.1 WE43 Rod Electrodes 

The WE43 rod electrode (diameter 0.635 cm, cross-sectional area 0.3 17 cm') was 

supplied by Magnesium Elektron and was cast by AUiedSignal Inc. Most of the length of 

the rod was wrapped with Teflon tape during anodization, leaving the cross-sectional face 

and ca. 3 mm of the side free for anodization, as shown in Figure 3-l(a). Only the cross- 

sectional end of the electrode was exposed to the 0.86 M NaCl solution during the 

subsequent electrochemical testing step, as shown in Figure 3- 1 (b). 



WE43 rod - for 
electrical contact 
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(a) The WE43 rod electrode was partly covered with Teflon tape, leaving part of 
the length and the end uncovered for oxide coating. (b) Oniy the cross-sectional 
end was exposed during the electrochemical measurements. 

Figure 3-1 Side view of the WE43 rod electrode (not to scale) 

Prior to oxide coating the rod electrode surface was either hand-polished with 

emery paper (#300 and down to grit size #1500). followed by Alumina polishing (to 0.3 

micron), or hand-polished followed by electrochemical polishing. The electrochemical 

polishing was carried out in a solution [89] consisting of 375 ml concentration H 9 Q  and 

625 ml ethanol using a dc supply (voltage 5-12 V, current density 15-50 rnAlcrn2, 10-12 

minutes, room temperature). 

3.1.2.2 WE'S Disc Elecrrods 

Figure 3-2 shows a schematic of the WE43 disc electrodes which were used for 

anodization and subsequent electrochemical testing. The discs were also supplied by 

Magnesium Elektron Ltd. and were cast by Chicago Magnesium under contract from 

AlliedSignal Inc. Both faces and the sides were single point machined and then 

mechanical-polished using abrasive paper at AUiedSignal Inc., which gave a surface finish 
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Figure 3-2 WE-13 alloy disc electrode 

of ca. 0.69 pn Ra The threaded hole on the side (dia. 0.2 cm) was designed to fit a 

stainless steel rod. 

The surface roughness of these discs appeared to be greater than that of the WE43 

rod electrode shown in Figure 3-1. Prior to oxide coating, the disc electrodes were 

degreased ultrasonically in ethanol for 5 minutes and then various pre-treatment steps 

were employed for the different coating processes, as described in detail in sections 5.2 

and 6.2. Then, the Teflon-wrapped stainless steel rod holder was screwed into the disc 

electrode. After the disc electrode was coated anodically on the side and both faces, this 

was sometimes followed by post-treatment and the samples were then left in air for a week 

or more. The coated electrode was tested in 0.86 M NaCl solution, with the sides and one 

face either covered with Teflon tape or ~arafilm", or embedded in epoxy resin, leaving 
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only one face (ca 0.77 ad) exposed to solution. Therefore, the covered face could be 

utilized later for duplicate experiments or for SEM examination. Occasionally, solution 

leakage occurred under the edge ofthe Teflon or ~arafilm~ tape. This was recognized by 

the premature fdure in the NaCl solution, and the experiments were terminated at that 

point. 

3.1.2.3 WZJ3 Disc Electrodes (i-cast) 

Several electrochemical experiments were carried out using as-cast WE43 disc 

electrodes. The same procedure was used to cast and test these specimens as for the 

machined WE43 discs (Figure 3-2), except that one surface remained as-cast and was not 

polished in any way. Prior to anodizing the as-cast face, the sides and the non-cast face of 

the disc were covered with Teflon tape or ~ a r a f i ~ m ~ .  

3-1.2- 4 Anodized AIumzmrm Alloy C35.5 EIecrrodes 

The specimens of A1 alloy C355-T6, supplied by AlliedSignal in the oxide-coated 

condition, were similar in shape and in assembly to those shown in Figure 3-2. The C355- 

T6 alloy's composition [90] is ca. 5.05 Si - 1.2 Cu - 0.50 Mg. The C355 disc electrodes 

were oxide coated using two different coating methods by AUiedSignal Inc. (see Chapter 

7) and were tested both in the 0.86 M NaCl aqueous solution and in the he1 medium in 

the present work. 

3. I. 3 Counter, reference and a1~1*1iary electrodes 

The saturated calomel electrode (SCE) was used as the reference electrode (RE) in 

all of this work. Its potential was checked using a standard SCE (large-scale) before and 

after each experiment. No Luggin capillary was used for the reference electrode in these 

experiments. A high area platinum gauze electrode was used as the counter electrode 

(CE) for the ac impedance, CV and OCP experiments, wWe a large area stainless steel 

disc was employed as the counter electrode during the anodization step. For impedance 

measurements, a fourth Pt wire auxiliary electrode was also used. The Pt auxiliary 



electrode was connected to the lead of the RE via a 6.8 J,LF capacitor to eliminate the 

phase shift at high frequencies due to the time delay of the SCE during ac impedance 

measurements. 

3-1.4 Electtochemical cells 

The cell used for the electrochemical experiments (i-e.. for the CV, OCP and ac 

impedance measurements) is depicted in Figure 3-3, where the RE was placed in the side 

arm, and the WE, CE and the auxiliary Pt electrode for impedance measurements entered 

the cell through the top. The RE was placed close to the WE, as was the auxiliary 

electrode. The cell contained typically ca. 100 ml of solution. 

cell 

Figure 3-3 The cell used in electrochemical tests 

The cell used during the anodization of the WE43 alloy is shown in Figure 3-4. 

The CE (large stainless steel disk) was located at the bottom of the anodization cell (ca. 

3 00 ml volume), while the WE anode and thermometer were placed about 1.5 cm from the 

CE. A crystallization dish (2 L), larger than the cell, was utilized to hold the cell and an 



ice water bath was used in order to maintain the cell solution temperature below 20 "C 

during the anodiig step. AU experiments involving coating evaluation were performed 

at room temperature, i.e., 20 to 22 "C. 

ccU bue - 
crystallization dish 

for ice bath 

Figure 3 4  7he cell used during imodization of WE-13 alloy. 

3. I .  5 Solutions 

All solutions used in this work were prepared from analytical grade reagents and 

triply distilled water (obtained using a Corning MP6A Mega-Pure distillation system). 

The solution used for the electrochemical evaluation of the coating was a 0.86 M NaCl 

solution (i.e., 5 wt % NaCl), consistent with the typical solution used in the salt fog spray 

test (as per ASTM B 177). Also, two types of buffer solutions were utilized to control the 

solution pH in some experiments (Table 3-2). No attempt was made to deaerate any of 

the solutions. 



Table 3-2 B e e r  solutions 

I ~uf fe r  solution I ~ E I  I Components (in 100 ml total) I 

Table 3-3 Specijcations for JP-8fueI (US& Mil-T-83 133A -A@ 

Composition 

Additives 

Other 

Acidity, Total (mg KO-) I rnax. 0.0 15 

Aromatics (~01%) I rnax. 25.0 

Sulfur, Mercaptan (wt %) I max. 0.001 

Suffir, Total (wt %) 

Antioxidant Optional 

Corrosion inhibitor Required 1 (Ma-1-25017) 

Antistatic Required 

Conductivity (pslm) 1 200-600 

Toluene; Napht hdene. 

Butylene; Styrene. 

prevents the formation 
of gums and peroxides. 

minimizes rusting; 
improves lubricity. 

raises electrical 
conductivity and 
prevents buildup of 
hazardous static 
charges. 



In the last period of experimentation, the coated WE43 alloy was assessed in a 

kerosene-based fuel (JP-8). The specifications for the JP-8 fuel are shown in Table 3-3, 

based on the U. S. military specifications for missile fuels [91]. The fuel, supplied by 

AUiedSignal Inc., was modified prior to shipping. Both fresh and degraded &el, the latter 

having experienced thermal exposure at 177 "C for 72 hours, were provided. It is 

expected that the degraded fuel is more acidic than fiesh he1 [92]. Although the fuel 

media was modified by the addition of anti-static agents and 0.01 vol % (HLO - 5 wt % 

NaCI), consistent with typical contaminated firel used in practice, to achieve a conductivity 

of 50 to 450 picosiemensh, the &el is still not conductive enough to allow 

electrochemical experiments to be carried out in this medium. Thus, samples were tested 

in the aqueous 0.86 M NaCl solution after immersion in the &el medium for various times. 

The same electrochemical cell, CE, RE and AE were used for the electrochemical testing 

and the experiments were carried out in the identical way as described in section 3.1.1. 

3.1.6 Electrochemical data analysis andfitting 

The Tafel slopes of the cathodic branch of the CVs were determined tiom the 

linear portion of the log i vs. E curves at overpotentials larger than ca. t 50 mV. 

The ac impedance data were analyzed using a nonlinear least squares fit program, 

''Equivcrt" (Equivalent Circuit. version 3-97). written by B. A. Boukamp, University of 

Twente, Net herlands. 

3.1.7 Other techniques 

The oxide films formed at the WE43 alloy were examined using scanning electron 

microscopy (SEM) and energy dispersive X-ray (EDX) analysis techniques to det ennine 

the film thickness, morphology, and the chemical composition of the oxide film. Also, Hg 

porosimetry, performed at AUiedSignal Inc., was utilized to obtain the porosity of the 

oxide film. 
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The SEM work was performed using a HITACHI S4500 Scanning Electron 

Microscope at the Electron Microscope Unit of the Health Sciences Center, the Faculty of 

Medicine, University of Calgary, and a JSM 6300 V (JEOL) SEM at the Materials 

Laboratory, Aerospace System, AUiedSignal Inc. Accelerating voltages of 20 kV were 

employed throughout. 

After the WE43 disc samples were oxidecoated using a range of anodization times 

and current densities, the surface morphology was characterized by SEM. For cross- 

sectional analysis, the coated WE43 disc samples were first cut along their diameter using 

a Jeweler's saw, but leaving a ca. 1 rnm length uncut. The discs were then fractured into 

two pieces in liquid nitrogen in order to estimate the film thickness at the fractured part of 

the cross-section. The samples were then attached to an A1 stub using conducting double- 

sided carbon tape. Since Mg oxide coatings are non-conductive, in order avoid surface 

charging during SEM examination, the samples were coated with a thin layer of Au and 

Pd using a Nanotech SEMPREP 2 sputtering device (10 mA for 3 min.) prior to SEM 

analysis. 

3.2 The Anodization Methodology 

As shown in Figure 3-5, the circuit employed in the anodization coating process 

involves the application of a continuous dc voltage with superimposed ac voltage at a 

frequency of 60 Hz. The ac amplitude was set to be 15 - 30 % of the dc. adjusted with a 

variable transformer. 

During anodization of the WE43 alloy, the current density was controlled by 

adjusting the ac transformer and the dc supply proportionally. A stainless steel disc served 

as the counter electrode, large enough in area to provide an even current distribution at 

the anode. Table 3-4 lists the make and model of the circuit components employed during 

anodization. 
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Figure 3-5 me circuit employed in the modization process 

Table 3-1 Make and model of anodization components 

I Instruments I Model 
- . - - . - . - - - 

I AC Transformer OHMITE MFG. CO., OHMITE variable 
transformer. No. VT4FC 

I Isolation Transformer MFG-CO.LTD. Guelph, Transformer CAT. 
No. 169W 

I Digital Multirneter 1 Beckman Instruments, Inc., Beckman Tech 3 10 

1 True RMS Multirneter I John Fluke MFG. Co. hc., FLUKE 87 



4. THE ANODIZATION PROCESS AND ANODIC FILM PROPERTLES 

In this chapter, the details of the anodization technique employed to form two 

different anodic films (UC-1 and UC-2) on the WE43 d o y  surfaces are described. The 

electrical circuit, the voltage and current density waveforms, the anodization current 

density and time and the bath compositions are examined in terms of the resulting film 

structure, thickness and morphology, as determined by SEM analysis. 

4.1 EIectrochemical Anodization o f  WE43 

Electrochemical anodization has long been utilized for producing an oxide film on 

AL and other alloys to improve their corrosion and wear resistance, as well as for 

decoration purposes. These coating processes normally consist of two steps. The first 

step involves either a chemical or a brief electrochemical treatment to clean the surface 

and create a good base for the anodic film. The second step is the anodization process. 

producing a thick Mg oxide-containing coating on the base layer. The anodic 61m created 

by anodization is usually very porous, thus post-treatments such as sealing and painting 

are necessary to improve the film properties further. The anodization technique involves 

applying an anodic potential (or current) to the metal to form an oxide film (compact 

and/or porous film) on the anode surface. This is usually followed by various post- 

treatment steps to seal or cure the oxide film, therefore enhancing its corrosion resistance 

further. For aluminum alloys, the electrochemical anodization technique has been used 

widely for a long period of time and the oxide film exhibits a very high corrosion 

resistance in various environments. Anodization of Mg surfaces is an extension of the 

technique used for the anodization of A1 alloys, since there are many similarities between 

the approaches used, such as some of the bath components, and the currents and voltages 

applied. The main difference between the anodization of Mg vs. A1 alloys is that the 

former is usually carried out in alkaline solutions, while the latter most commonly is in 

acidic solutions. 



There are two kinds of anodization methods used for the oxidation of alloy 

surfaces. One is traditional anodiition using relatively low current densities and voltages. 

The second is an anodic spark deposition process, which involves the generation of sparks 

during anodic film growth as a result of the application of higher voltages and current 

densities. This process was fint carried out [93] in a silicate solution for oxide Nm 

growth on A1 substrates by using a half wave-rectified 400 V dc source. hence termed 

"silicodizing". This process was patented in 1974 based on the improvement of the N 

substrate corrosion resistance. Although the tilm growth mechanism is still not clearly 

understood, it is believed that the film grows through the dieIectric breakdown of the 

barrier oxide layer [94], causing visible sparks or scintillation over the anodic substrate. 

Sparking is a relatively complicated process and its mechanism is still not 

understood completely- The high temperatures reached (up to 1000 OC on the anode 

surface) result in a complex series of processes, including reactions between the Mg alloy. 

oxygen, the electrolyte, the solvent and other components of the anodizing bath. In 

addition, some physical processes such as fusion, may occur at these high temperatures. 

Clearly, the process is very complex, and any variations in the anodization process may 

S e a  the properties of the anodic film formed on the substrate. Barton and Johnson [95] 

investigated the effect of a series of bath components, including NaOH, NaF. NaI. 

Na2HPOJ, NaA102, Na&&Or (sodium citrate) and N a a 0 ,  (sodium tetraborate), on the 

properties of the anodic oxide 6lm formed on Mg alloys. They found that some ions such 

as AIO; enhance the film thickness while others such as F' contribute to film uniformity 

or color. In addition, these electrolytes also change the film properties by affecting the 

sparking process and hence the film thickness, structure and composition. 

The anodic spark deposition process has also been applied for Mg alloy surfaces 

for corrosion protection, and several procedures for the spark anodization of Mg alloys 

have been patented [96,97,98]. In 1993, BaRak et al. patented [99,100] a spark 

anodization protection method for Mg alloys, called Tagnite, which also involves a 

silicate-containing bath. In addition, other spark processes designed for Mg alloys are 



available, including Magoxid [23]. It is claimed that these spark processes create superior 

coatings compared to those formed via existing chemical conversion or conventional 

lower voltage anodic oxidation methods, and that the abrasion and corrosion resistance of 

Mg alloys oxidized in this way are excellent. Moreover, another advantage of these 

processes is that they are chromate-free. Therefore, much research and attention is 

currently drawn to this area Most recently, the Tagnite technique has been applied 

commercially to WE43 alloys in Model-500 gearboxes for 600N helicopters by 

McDomeU Doughs (1 0 11. 

In the present work, the anodization process is employed to form an oxide film on 

the WE43 alloy d a c e  to improve its corrosion resistance. Very high dc and ac voltages 

are applied during anodization to generate a spark process. Also, the anodization current 

density and time were varied to obtain an oxide film with the highest corrosion resistance 

in the NaCl solution. 

4.2 Observations During Anodiution 

As described above, the initial voltage applied between the anode and cathode in 

the present work was ca. 190 V dc and 40 V ac. Consequently, the electrolysis of water, 

as seen by bubble generation on both electrodes, occurs as soon as this high voltage is 

applied to the cell. Bubble formation (02 and Hz) decreases with time as the Mg alloy 

anode is passivated by the oxide film. Sparks seen on the surface, and the color changes 

(from bright metallic to opaque gray) of the anode, indicate the formation of an oxide film. 

Initially, the sparks are very small and are quickly extinguished. For a certain period of 

time, an almost constant current is maintained by the increase in the DC and AC voltages. 

As the applied voltage increases, the sparks become larger (but fewer) and appear to 

occur more in certain location. It is notable that the sparks would disappear if the 

potential was kept constant for any length of time, corresponding to a decrease in current. 

Occasionally, a spark formed either at a sharp edge such as the junction of the 

stainless steel holder and the disc sample, or at some point defects on the surface, did not 



move, grew rapidly with time and drew a significant portion of the current, yielding an 

abnormally high localized current density. Consequently, a large pit where the spark was 

located developed and the overall anodi ion  procedure fded. For instance. a lathe- 

prepared, rough WE43 disc specimen has a much higher tendency for sparks to remain 

fixed than do hand-polished, smoother specimens. Therefore, it will be important to avoid 

the formation of fixed sparks if this process is to be applied commercially. One possible 

approach is to make the Mg alloy sufiace as smooth as possible and to minimize the 

presence of surface defects. Another approach could be to use certain solution additives. 

The latter method seems to be more realistic, since most Mg alloy samples used in 

industry are die-cast or as-cast and hence are quite rough It has been suggested 1951 that 

the occurrence of fixed sparks depends on the bath components used, as the sparking 

process is more controllable when certain ions are present. For example, NaI is a good 

inducer and citrate ion a good extinguisher of fixed sparks. In the present work, an 

attempt was made to reduce the possibility of the occurrence of fixed sparks during the 

anodization process. However, adding sodium citrate to the anodiition bath (ca. 0 .M)  

did not yield a significant effect. A more reliable and efficient method to eliminate the 

formation of fixed sparks during anodization still needs to be identified. 

4.3 VoltageKumnt Waveforms Used During Anodization 

Two types of applied ddac voltage waveforms were utilized for the anodization of 

WE43 alloy surfaces in this work, as shown in Figure 4-1 (a) and (b). It should be pointed 

out that the waveforms shown above depict only the dc component of the voltage/current. 

and that the superimposed ac component (60 Hz) was always present at a value of ca. IS- 

30 % of the dc signal. In both cases, the waveforms share the characteristic that the 

voltage is stepped at t. to Vo ( e g ,  190 V dc and 40 V ac) and the current density. 

therefore, initially spikes to 50-100 m.A/cm2, decaying over 30-60 seconds to the desired i l  

value. Then, the ddac voltage was increased with time from VO to V2 at a varying rate, 

thus yielding a different current density/time program. In the case of Type 'a' waveform. 

a specific constant current density (il) was maintained after the initial spike by increasing 



the dc voltage (and proportionally, the ac voltage) tbr a period of time, ti .  Then, the 

applied dc voltage, usually in the range of 240 to 370 V, depending on the values of i l  and 

tl, was maintained nearly to constant at V2 for another period of time, tl to tz, during 

which the current density slowly decayed. Finally, the applied voltage was switched off at 

t2- In the case of Type 'b' waveform, i 1  was maintained constant throughout the 

anodization process, after the initial spike, by increasing the voltage fiom VO to VZ at the 

necessary rate. When the current density was maintained constant, the rate of increase of 

the dc (and ac) voltage defines this current density. Therefore, Vz is reached more quickly 

if a higher iI value is desired. 

Figrrre 4-1 The applied voltage and a m e m  wuvefonns used in the UC-I and UC-2 
processes. (a) T p  'a' waveform (b) Type 'b ' waveform 



A range of combinations of il, tl, t Vl and V2 produce oxide films of different 

thicknesses and other properties. In order to distinguish the coatings formed using these 

two types of waveforms in the text ofthis thesis, a Type 'a' coating involving anodization 

parameters il, tl and tt was designated as "coating formed at il, t&', where the coating 

was anodized at il for time tl and t2 is the total anodization time. The Type 'b' coating is 

simply labeled as 'koating formed at it for time t;. For example, a coating designated as 

a "UC-1 coating, 30 mA/cd,  10-30 minutes" means that the coating was anodized at 30 

mA/cn? for 10 minutes and then the current decayed to a time of 30 minutes in the UC-1 

bath using the Type 'a' waveform. A coating designated as "UC-2 coating, 30 mAkm'. 

10 minutes" means the coating was formed at 30 m A / d  for 10 minutes in the UC-2 bath 

using Type 'b' wavefonn, without any current decrease. . 

4.4 SEM Characterization of Oxide Films 

In this work, the UC-1 coatings were chosen for the detailed SEM analysis. The 

examination of the UC-I coatings by SEM provides further insight into the coating 

properties, such as the morphology, thickness, porosity, etc. from both top and cross- 

sectional views. 

4.4.1 Gened  morphologicdproperit*es of CIC-I comings on the WE43 alloy 

As shown in Figure 4-2 (a-d), all of the coatings formed using various conditions 

are porous. However, the extent of porosity and the presence of cracks varies with the 

coating formation conditions, i.e., thinner coatings that were formed at lower current 

densities and/or shorter times (Figure 4-2 (a, b)) exhibit more uniformity, are almost 

crack-free and have smaller pore sizes than do thicker coatings (Figure 4-2 (c, d). 

However, it is notable that the pores appear to be more open in the thinner coatings 

(Figure 4.2 (a. b)) than in the thicker ones (Figure 4.2 (c, d)), which may be attributable to 

the anodization waveforms used and will be discussed in more detail below. NonnalIy, the 

existence of coating porosity is necessary to promote the adhesion of sealant, primer and 

paint, which are applied in practical industrial applications. Since no post-treatment was 



Figure 4-2 Top view of mophoIogy of UC-I coatings fomed at different 
anodizing current and times. 



generally applied to the UC-1 coatings after anodization in the present work, the presence 

of the open pores in these coatings is expected. 

Figure 4-3 shows a cross-sectional view of a UC-1 coating (sample SSOS, 30 

rnA/crn2, 10-30 min, see Figure 4-2 (d) for top view) (1021. Again, it reveals that the 

coating is porous, and that the pores are somewhat interco~ected, but that they do not 

traverse through to the substrate. Also, it indicates that the coating/substrate interface is 

intact, suggesting that the coating adheres well to the alloy surface. An inner, compact 

oxide layer and an overlying porous layer are observed, while the pores seem sealed 

towards the base of the film. The thickness of the inner, compact layer is ca. 1.0 k 0.3 

~ l m ,  and that of the porous layer is ca. 22 + 4 pm. The presence of a compact, barrier 

layer and the fact that the pores appear sealed towards in the base of the file. may be 

responsible for the good corrosion resistance of this coating in the NaCl solution. 

4.4.2 Effect of anorii'@ion current density and time (Type k ' waveform) 

The SEM analysis was carried out primarily to determine the effect of the 

anodization current density and time on the coating properties. Some SEM results are 

summarized in Table 4-1, although not all of the SEM micrographs are shown here. 

These coatings were formed using two different current densities, i-e., 10 and 30 rn~km' 

and various times, but using only the Type 'a' waveform. When anodized at the same 

current density, the thickness of the UC-1 coatings increases with the anodization time. 

For instance, sample SS 1 12 has a film thickness of ca. 18 prn [103], while SS35 is ca. 12 

pm in thickness (SS 1 12, 5-30 min. vs. SS3 5,  5-1 0 min.). Interestingly, it was found that, 

for these two samples, the anodization time affects not only the total film thickness, but 

also the barrier layer thickness. This fact may be very important towards improving the 

UC-I coating resistance. In addition, the anodizing time also influences the coating 

morphology. Longer times result in larger pore sizes and more cracking. For example, 

although numerous fine pores on the order of 2 pm diameter exist in all of the coatings, 

the maximum pore size for the SS35 and SS112 coatings are ca 4 and 20 pm, 



Figure 4-3 Cross-sectional view of UC-1 coating SSOS (see Figure 4-2 4. anodized 
at 30 rnAAcrn2, 10-30 min. 7Tte ?W43 substrate is at the boltom ofrhe 
photog@ and arrows delineate the pores and barrier oxide coating. 

respectively. This is because longer anodization times require the application of higher 

ddac voltages during anodiition, resulting in larger sparks, and therefore, larger pore 

sizes. However, it appears that, for coatings formed using the Type 'a' waveform (Figure 

4-2 (c, d)), the pores are sealed deeper into the film. Consistent with this, although the 30 

minute coatings exhibit the largest pore sizes and the most cracks. ac impedance 

measurements showed that they give the highest corrosion resistance. This probabiy 

reflects the greater barrier and overall film thickness, as well as the fact that the pores 

seem not to penetrate through to the barrier oxide film. 



Table 4-1 also shows the effkct of anod'ition current on the coating properties. 

For example, sample SS37 can probably be compared with sample SS35, both formed for 

the same total length of time (5-10 min.), but using different current densities, i-e., 10 and 

30 rnAlw2, respectively. The cross-sectional SEM analysis [lo41 shows that sample 

SS37 has a 0.3 thick barrier layer and an overall 6.4 p coating, while sample SS35 

has a 0.6 p barrier layer and an overall 12.2 pm thick coatiqg indicating that the higher 

anodization current density increased both the barrier and porous film thicknesses. On 

the other hand, the anodization current density also affects the coating morphology. As 

shown in Figure 4-2 @,c) and Table 4- 1, sample SS3 5 (3 0 mA/cm2) has a maximum pore 

size of 3.5 pn in diameter and contains cracks, while SS37 (10 mNcrn2) shows a 

maximum pore size of only 1.8 pm in diameter with almost no cracks. This suggests that 

the higher anodization current densities produce coatings with larger pore sizes and with 

cracks. Samples SSOS and SS112 have larger pore sizes (max. 20 urn) and more cracks. 

but thick barrier and porous layer thickness (Table 4-1 and Figure 4-2 (d)). However, the 

Table 4-1 SEM r e d s  for UC-I coarings 

sample 

anodiution condition 

Wave 
form 

- 
b 

a 

a 

a 

film tbickaess (pm) 

current 
density 

(m~krn') 

10 

30 

30 

30 

total 

6.4k1 

1252 

18B 

22k4 
(Figure 4-3) 

film morphology 

time 
(min.) 

10 

5-10 

5-3 0 

10-30 

barrier 

layer 

0-3H. 1 

0-7H.2 

0.9f0.2 

I .  IH .3  

maw. pore 
site (run) 

1.8 
(Figure 4-2b) 

3 -5 
(Figure 4-2c) 

20 

20 
(Figure 4-2c) 

cracks 

no 

few 

Yes 

Yes 



pores may be sealed for sample SSOS (Figure 4-2 (c,d)). It will be shown in Chapter 5 

that both SS35 and SSOS exhibited a higher resistance than did SS37 in the NaCl solution 

using electrochemical techniques. This is probably due to the thicker barrier layer formed 

at the higher current and the somewhat sealed pores in the coating when Type 'a' of Type 

'b' waveform is used, 

4.4.3 Effect wavrform 

As described in section 4.3, two waveforms were employed in the anodization 

step, Type 'a' and 'b'. Figure 4-2 (a, b) shows the morphology of the Type 'b' coatings, 

while Figure 4-2 (c, d) show Type 'a' coatings. Apparently, the pores in Type 'b' 

coatings are more open than those in Type 'a' coatings, where the pores appear more 

sealed. The cross-sectional view for SS35 vs. SS37 shows that the coating are more 

sealed towards the base and have a good coating/substrate interface when Type 'a' 

waveform is used (Figure 4-4 (a) and @)). The results obtained fiom the SEM analysis. as 

well as from the electrochemical measurements in Chapter 5, suggest that the Type 'a' 

coatings do exhibit superior properties over Type 'b' coatings. Mowing the current to 

decay reduces the size and number of sparks on the surface, perhaps facilitating the sealing 

of some pores when the Type 'a' waveform is used. 

4.4.4 Effect of exposure to N o a  Solvrion 

Although the morphology of the unexposed and exposed oxide surfaces were 

comparatively similar when the electrochemical testing of the coating was performed in 

the NaCl solution for only a short period of time [102], the morphology of the coating was 

affected with larger times in the NaCl solution. Comparing the coating morphology in 

Figure 4-5 (qb) vs. Figure 4-2 @,c), many cracks and pits appear to develop. Table 4-2 

summarizes the results fkom SEM and Hg porosimetry tests for a series of samples after 

different exposure times in the NaCl solution. It seems that the coating thickness was not 



(a) Sample S S3 5 (Type 'a' coating, 3 0 rnA/crn2, 5- 1 0 min.) 

@) Sample SS37 (Type 'by coating, 10 rnA/cm2, 10 min.) 

re 4-4 Cross-sectional views (a) sample SS35, T p e  'a ' coating and ( 
sample SS37, Type "b ' c~r ing .  



(a) top-view @) side-view 

Figure 4-5 Morphofogy of LIC-I coc~fiirg (sample SS37, 10 &cm2, 10 min.) after it war 
eqmsed to NaCI sofution for a few drys. See Figire 4-2 (c) for comparison 
with morphology before exiposme to NaCL 

intluenced by exposure to the solution, but the coating morphology does change notably. 

A larger increase in the average pore size for the sample exposed for 3 7 houn to the NaCl 

solution is observed. This is probably due to the cracks which develop in the coating 

(Figure 4-5). Interestingly, the Hg porosirnetry data also shows that the coating exposed 

for ca 5 houn had a smaller average pore size than did that exposed for only ca. 1 hour. 

0.01 prn vs. 0.025 pm, and both of these are smaller than those of the unexposed sample 

(SS1 L2), although their pore sizes were determined by different measurements. This 

could be very important to help understand the ac impedance and OCP behavior shown 

for this type of coating in the NaCl solution (Chapter 5). It is likely that the pores in the 

coating become filled with corrosion product resulting in lower porosity after relatively 

short times in solution. It is likely that corrosion commences at the interface between the 

coating and the alloy as soon as the sample is immersed in the NaCl solution. The 



deposition of corrosion products and the generation of hydrogen inside the pores could 

then build up the internal pressure, resulting in 61m cracking and overall damage of the 

coating, as shown in Figure 4-5 (a, b). This is consistent with the higher internal film 

voIume seen after 37 hours in solution, 

Table 4-2 The dependence of cwtingpropemes on eqosure time as 
determined by Hg porosimetry 

4.4.5 Effect of coating post-treatment 

Sample (UC-I 
coating, Type 'a') 

SS112 

SS104 and 108 

SS49 and 102 

SS48 and 105 

In order to seal the pores and to further improve the coating corrosion resistance, 

some samples were post-treated in various solutions after anodization. The post- 

treatment procedure involves immersion in solutions of either KHzP04, KF or Na4Si04 at 

temperatures of 60-80 "C or higher for 10 to 20 minute, and then drying in air. These 

samples were examined by SEM for changes in coating morphology and cross-sectional 

structure. The SEM analysis of two samples, post-treated in W and NatSiOa for 10 

minutes, respectively (SS17 and SS43), showed that the post-treatment did not have any 

effect on the coating morphology. 

' The pore size was determined fiom SEM analysis. 

immersion time in 
0.86 M NaCl 

0 

1 hr 1 1  min. 

5 hr 12 min. 

37 hr 

median pore size 
(v) 

2.0' 

0.025 

0-0 1 

8.1 

Film thickness (pm) 

I8 

18 

18 

18 



The SEM analysis was carried out on a pair of samples, as shown in Figure 4-2 (c) 

(SS35) and Figure 46 (SS43). The sample (SS43) in Figure 4 6  was post-treated in 

N a S i 0 ~  solution at 90 OC for 10 minute after anodization, while that in Figure 4-2 (c) was 

not. Very similar morphological features are observed for both samples, i-e., a simiIar 

pore size and a similar degree of pore sealing. This indicates that a simple post-treatment, 

i.e., immersion in NaSiO4 solutio~ did not change the coating properties. A second post- 

treatment method, immersion in KH~POJ solution, also did not make any difference to the 

coating properties, indicating that the pores in the coating cannot be sealed by these 

Figure 4-6 MophoIogy of UC-I couting with post-treatment ( m p l e  SS43, 30 ~ ' c r n ~ .  
5-I0 min.. pt in N'JiOJ. 



approaches. It will be seen in Chapter 5 that these post-treatments also did not a£Fect 

coating behavior in the NaCl solution in terms of resistance and OCP behavior. More 

efficient approaches are required in order to seal the pores completely and hence, improve 

the coating corrosion resistance m e r -  

4.4.6 Genetalproperties of UC-2 coating on M43 alloy 

Except for the pretreatment and the bath components, the UC-2 coating was 

formed in the same way as was the UC-1 coating at the WE43 alloy surface. but using 

only the Type 'by waveform. A typical SEM view [I051 of a UC-2 coating, fonned at the 

WE43 disc specimen at 14 mA/& for 15 minutes, is shown in Figure 4-7. Compared 

with the LTC-I coatings (SS35, Figure 4-2c), the UC-2 coating seems somewhat less 

porous, with smaller pores of ca. 7 pm in diameter, but containing some randomly 

distributed voids open to the surface. Some cracks are apparent also. The average 

coating thickness for sample MS SO4 is ca. 10 + 3 prn, determined fiom the cross-sectional 

view (Figure 4-7 (b)). This thickness is close to that of the UC- 1 coating fonned at 30 

rnA/crn2 for 5-10 min (SS35). Importantly, the cross-sectional analysis indicates that the 

UC-2 coating does not have a compact barrier layer between the substrate and the outer 

porous layer (Figure 4-7(b) vs. Figure 4-3), which is distinct from the UC-I coating. This 

existence of this barrier layer may determine the overall performance of the coating in the 

NaCl solution. It will be shown in Chapter 6 that the UC-2 coating is inferior to the UC-I 

coating, consistent with this observation. 



(a) to p-view 

(b) cross-sectional view. The base metal is at the bottom of 
the photograph and the arrows delineate the coating. 

-7 SEMphotomicrographs of UC-2 coating (sample h ~ S S 0 6  lj 
coating, I4 mAkm2, Z l j  min.). 



5. UC-1 COATING ON THE WE43 ALLOY 

5.1 Introduction 

In this chapter, a new coating process (UC-1, in short), designed specifically for 

the WE43 alloy, will be described and discussed. The development of the UC-I coating 

for the WE43 d o y  has been based on an existing commercial coating process [25], with 

some variations and improvements made. One god of this research has been to improve 

the existing commercial coating process and to m o d i  the coating conditions specifically 

for the WE43 alloy. 

First, the UC-I process is described in detail. Then, the results obtained with the 

UC-1 coating on WE43 rod specimens are discussed, as this set of experiments was 

camed out in the earlier period of time and showed the importance of alloy surface 

preparation techniques. Later, the results of the UC-I coating on WE43 disc specimens 

are presented and an effort is made to interpret the experimental data and formulate a 

model for the UC-I coating deterioration in the NaCl solution. 

5.2 Formation of  UC-l Coating on WE43 Alloy 

The UC-1 process was used on two types of WE43 samples, WE43 rod and WE43 

disc specimens, having a very different surface finish (section 3.1.2). The coated WE43 

samples were then evaluated in the 0.86 M NaCl solution using a range of electrochemical 

techniques. Also, for both types of samples, the effect of surface preparation methods on 

the coating performance was investigated in terms of coating resistance in the NaCl 

solution. These results are discussed below in separate sections according to the sample 

types. 

To form UC-I coatings on the WE43 alloy, the following pre-treatment steps must 

be camed out to provide a clean and smooth base for anodic oxidization. 



After the WE43 sampIe d a c e  was prepaied by the method described in Section 

3.1 -2.1, it was cleaned [25] in the following alkaline solution (pH = 10.5, Table 5- 1) for 5 

minutes at 70 O C ,  and then rinsed with 3 times distilled water. 

Table 5 4  The c o ~ t i o n  of the alkaline cleaning solutiotz 

I sodium fluoride- NaF I lgf l  I 0.02 M I 

sodium pyrophosphate, Na2P207 

sodium borate, NaaO, 

5.2.2 Chemicui pre-treatment 

After the sample surface was cleaned, it was chemically treated [25] in ammonium 

fluoride solution (0.50 M, pH = 6-7) for 30 minutes at 70 O C ,  and then rinsed with 3 times 

distilled water. This results in the formation of a MgO and MgFz layer on the surface 

[25], which provides a good base for the following anodization step. 

so gfl 
10 gfl 

5.2. 3 Electrochemical step 

0.2 M 

0-1 M 

M e r  the chemical treatment step, the samples were anodized in a particular 

solution (pH = 12.5- 13, details given in Table 5-2) [25] by using a constant current density 

for a certain duration of time (tl, Figure 44), usually followed by a period of decreasing 

current (tl to tz, Figure 4-1) to produce an oxide film on the sample surface with a certain 

thickness. During the anodization process, the bath temperature was maintained at 8-20 "C 

using an ice water bath. The electrical circuit used in the UC-1 process was described in 

Chapter 3. The film thickness, as shown in section 4.4, depends on the anodization time 

and current density and on the waveform used. Thicker oxide coatings can be obtained by 

increasing either the coating time (5 to 30 minutes) or the current density (10 to 30 

mA/cm2) employed. The relationship between the oxide film thickness and the film 

morphology has been established using SEM analysis (see Chapter 4). 



Table 5-2 Components of electrochemical bath for UC-I cwring 

1 potassium hydroxide, KOH I 5-7 gll I 0.09-0.12 M 

I potassium fluoride, KF I 8-1 0 g/l 1 0.14-0.17 M 

I sodium silicate, N&SiO4 I 15-20 @I I 0.11-0.15M 

After the oxide film was formed on the surface of the WE43 alloy, a post- 

treatment @t) step was sometimes used. The purpose of this step is to seal the pores in 

the oxide film in order to fbrther enhance its corrosion resistance. The procedure involves 

immersing the anodized WE43 specimens in solutions of either M 2 P Q  (0.95 M, pH = 

7.2, 60 "C, 1-5 minutes) [25], KF (0.1 M, pH = 8, 50 "C, ) or NaSiOJ (0.3 M, 95 "C) 

solution, then rinsed with 3 times distilled water and dried in air. This finishing step is 

optional if' the coated articles should be used without finishin& or if they already offer 

excellent corrosion resistance. A comparison between coatings with and without this 

post-treatment step is discussed in this chapter, in terms of the measured corrosion 

resistance, OCP values, etc. In real industrial applications, surface anodization is only a 

pre-treatment process. Further treatments, such as sealing, priming and painting, are 

routinely camed out for the anodized specimens to make them survive in aggressive 

environments. In the same way, samples coated by the UC-1 process may be hrther 

protected by using a sealant or a paint (organic and inorganic compositions) or other 

decorative and protective organic coatings. 

5.3 Development and Evaluation of  UC-1 Coating on WE43 Rod Samples 

WE43 rod samples, having a different surface condition and area from the WE43 

disc samples (see section 3.1.2. I), were used for the initial UC-1 process evaluation in the 

first set of experiments. Their surfaces were prepared by either hand polishing, 



electrochemical polishing, or machine lathing. The results for the UC-1 coating on WE43 

rod samples are presented below, with and without post-treatment (pt), and as a hnction 

of the sample surfiace preparation procedure employed. Note that only Type 'by waveform 

(Figure 4-1 (b)) was used for the anodization of WE43 rods. 

5.3.1 UC-I cuatings wiwilkout post-treatment 

For the UC-1 C O ~ M ~ S  formed using various anodization conditions, Figure 5-1 

and Figure 5-2 show the ac impedance results in the Nyquist and Bode formats. These 

coatings were fonned on hand-polished surface and were not post-treated after 

anodization. The ac impedance data were obtained at the OCP (-1 -7 1 V, curve a ) first. 

and then at applied potentials of -1 -60 V and -1 -50 V (curves b and c). For comparison, 

the ac impedance responses for a hand-polished, but uncoated, WE43 rod sample are also 

shown in both figures by the dashed line (curve d). As shown in section 2.3 -2.4, the 

coating resistance &) can be estimated fiom the low frequency impedance data and can 

be obtained either directly from the low fkequency impedance data in the Nyquist or Bode 

plots, or eom equivalent circuit fitting. Using the former approach, the 4 for the oxides 

in Figure 5-1 and Figure 5-2 were obtained and compared in the NaCl solution at certain 

potentials. Comparing with the Rw values of the bare WE43 at the OCP, anodizing the 

WE43 alloys does improve the corrosion resistance by two to three orders of magnitude. 

However, this improvement depends on the UC-1 coating formation conditions. 

specifically the anodization time and current density. Predictably, the thicker UC- I 

coatings (formed at a higher current density and longer times) yielded higher coating 

resistances (Figure 5-2) than did the t h i ~ e r  coatings (Figure 5- 1). 

The coating resistance, b, decreases rapidly with applied potential, as shown in 

Figure 5- 1 and Figure 5-2. At a potential higher than - 1 -6 V, inductive behavior is seen, 

as Zi, becomes positive (the phase angle changes sign) and the overall impedance (2) 

decreases at low frequencies. This potential is labeled as the breakdown potential (EM), 

which may vary with the coating formation conditions. In most cases, with the onset of 



Figure 5 4  A C impedame respo~~ses for UC-I couting on handpolished m 4 3  
rod (kmpfe RF23. 14 nvl; cm 10 nzin.. no pl/ at various po f entids: 
(a) -1.71 V; (5) -1.60 PI (c) 4 - 5 0  K- (4 and of the bare WE43 rod: 
me inset is a Nyqt~ist plot using an expmdeci scale. 



Figire 5-2 AC impedmtce responses for UC-1 coating on hand-polished WE43 
rod (sample M27, 30 nul/cm? 20 min., 110 pl) at variot~rsptenfi~Is: 
(a) -1.71 V,- 0) -1.60 (c) -1.50 V,- (id) and of the bare WE43 rod; 
The inset is a Nyq~uist plot r~sing an exparrded scale. 



inductive behavior, the C O ~ M ~  commences to fail and & usually is less then I M. 

Sometimes, hydrogen bubbles and pits can be observed visually on the coating surface 

under these conditions. The Eu values are -1.60 V for the thinner coating (Figure 5-1. 

curve b) and -1.50 V for the thicker one (Figure 5-2. curve c). The thicker coating shows 

slightly more resistance to corrosion and pitting. 

Table 5-3 and Table 5-4 summarize the experimental results in terms of b, the 

initial OCPs and the EM values for coatings formed at two anodization current densities, 

14 rnA/cm2 and 30 rnA/crn2, respectively. Note that none of these coatings were post- 

treated after anodization. The Ebd values for all coatings are very close, Le., - 1.5 to - 1.6 V 

(vs. SCE), suggesting that the coatings can withstand a polarization of only 100 to 200 

mV positive of their OCPs without losing their protection. Their initial OCP values are 

between -1.60 V and -1.86 V (vs. SCE), showing no trend with coating formation 

conditions. Also, no trends can be seen in & @om 50 to 800 kR) with coating time, at 

either current density, even though Chapter 4 showed that the coatings should be thicker 

with longer anodization times. The reason that & for the film formed at 14 m~/crn' is 

higher than for that formed at 30 mNcm2 is also not clear. Overall, the lack of trends may 

reveal a problem with reproducibility, probably due to hand-polishing of the surfaces. 

Table 5-3 Impedance results of UC- I cmting on mJ3 rods withour post-treabnent 
(anodizing current = I4 nv~cm')  

Coating time ( Initial OCP (V vs. ( I r  at initial OCP (m) I EM (V VS. 1 



TaHe 5-4 impe&nce data of UC-I coutting on WE43 rock without post-treutme11t 
(iodizing current = 30 rnA/cm? 

- -- 

1 Coating time (mi".) I Initial 06 (V vs. r~y at initial OCP I EM (V vs. 1 

53.2 UC-I coatings with post-treatment 

In order to study the effect of post-treatment on the coating properties, the UC-1 

coatings discussed in this section were post-treated after anodization. In these 

experiments, the UC-1 coatings, formed at 14 mAkrnZ on hand-polished WE43 rod 

samples, were post-treated in a KH2P04 solution after anodization prior to being tested in 

the 0.86 M NaCl solution. The ac impedance experiments were camed out at the OCP 

and at various applied potentials anodic to the OCP. Typical impedance results are shown 

in Figure 5-3 in the Bode format. Similar to the results of Figure 5-1 and Figure 5-2, the 

resistance of the post-treated UC-1 coatings also decreased with positive applied potential 

and finally failed at the potential of - 1.5 V at which the inductive behavior was seen. The 

coating resistances at the initial OCP seem independent of the anodization time, although 

the resistance at Ebd increases with anodization time. As shown in Table 5-5, 5 and 10 

minute coatings yield resistances of only 50 and 1 00 R at - 1 .S V, while 1 5 and 3 0 minute 

coatings yield over 2 kR. This shows that the coatings formed with longer anodization 



times are more resistant to the applied potential change, as probably expected. More 

experimental results for the coating formed using 14 m A k d  for various times are 

summarized in Table 5-5. Similar to the results shown in the last section, poor 

reproducibility is again seen. The &values vary ffom 55 to 800 kR, and the initial OCP 

values are between -1 -6 V and -1 -75 V vs. SCE, independent of the anodization time 

(Table 5-5). The EM values for all coatings are almost the same, i.e., -1.50 or - 1-60 V vs. 

SCE, at which pitting was obsened visually and with the appearance of hydrogen bubbles 

on the electrode surface. Again, these results indicate that the UC-I coating on WE43 

rods, with and without post-treatment, can only withstand a LOO to 200 mV polarization 

vs. the OCP without pitting. 

Initially, it was expected that the post-treatment step may improve the coating 

properties. However, by comparing the data shown in Table 5-3 and Table 5-5, it is even 

possible that the coatings with post-treatment in the -04 solution show a slightly 

lower film resistance than do those without post-treatment. The reason for this might be 

that immersing the coatings in the neutral m2P04 solution may increase the oxide 

porosity and/or dissolve the MgO or M g ( O Q  surface film. A possible purpose of this 

step [58] is to neutralize the coating (the solution in the pores of the coating) by 

immersion in the neutral W O J  solution before sealing and painting. It is also possible 

that a greater porosity resulting from the post-treatment was designed to enhance the 

surface adhesion properties for hnher sealing andlor painting. However, in this research, 

no attempt was made to seal or paint the oxide films after anodization. Therefore. 

coatings were generally not post-treated in the K)12P04 solution in our experiments. 

unless otherwise specified. 



Figure 5-3 AC impeahce reqonses for U'C-I cmings on handpolished WE43 rods in 
0.86 M NaCl. formed at I4 rnR'cm2 for vario~~s rimes. 
(I) 5 mirr. RTl4, (a) -1.62 Y (OCP): @) 4 -50  Y; 
(TI) I0 mitt. RS08, (a) -1.69 V (OCP): @) -1.60 Y; 
(III) 15 min.. RS16. (a) -I .  64 Y ( i ) ;  (bl -1.60 1:. (c) -1.50 V; 
(1kJ 30 mi~r .  RSO4, (a) -1.69 V(0CP); fi) -1.60 P? (c) -1.50 V. 



Table 5-5 ~ r i m e n t u l  results of UC-I cwting with post-treatment 
(anodin'ng w e n t  = 14 ~ c m ?  

I Coating time 
(minutes ) 

Initial OCP (V vs. OCP E, (V vs. SCE) 
SCE) 



5.3.3 EIect~ochem~cal& vs alumina polished WElj rod surfies 

Due to the large degree of variation in the experimental results obtained with UC- 1 

coatings on rod samples which were hand polished (sections 5.3.1 and 5.3.2), efforts were 

made to increase the reproducibility by seeking an appropriate electrode surface 

preparation method. Electrochemical and alumina (AI2O3) polishing methods, therefore, 

were exploited to attempt to reproducibly prepare the WE43 surtaces prior to anodization. 

A secondary goal of this research was to determine if there would be any significant effect 

of the different surfice preparation techniques on the coating performance. 

Table 5-6 and Table 5-7 demonstrate the experimental results obtained for UC-1 

coatings in the 0.86 M NaCl solution, with the surfaces prepared by electrochemical 

polishing and by A203 (0.3 micron) polishing, respectively. Most of the initial OCPs of 

the UC-1 coatings are in the range of -1.6 1 to -1.68 V vs. SCE, less scattered than those 

of the hand-polished surfaces (Table 5-4). Also, the coating resistances show better 

reproducibility. The results suggest that the surface condition on which the coating is 

formed does have an impact on the coating performances. For 15 minute coatings formed 

at 30 mNcrn2, both electrochemical and alumina polished rod electrodes yielded higher 

coating resistances than did the hand-polished specimens (Table 5 - 4 ,  while 

electrochemically polished samples gave the highest resistance. These three methods yield 

coating resistances in the following order: electrochemically polishing > alumina polishing 

> hand-polishing, in terms of the surface smoothness, reproducibility and resistance. It is 

possible that the surface condition may affect the sparking process, i-e., the current 

distribution or spark size and number, during film growth. Unfortunately, the surface of 

the alloy used in practice would not be as smooth as these prepared in the laboratory 

(industrial parts are usually as-cast). Therefore, it was considered desirable to develop a 

coating process that is suitable for the relatively rough surfsces used in practice. 



Table 5 4  E*permentui r e d s  for UC-I coatings on electrochemically polished 
?Xi543 r& (md-~~~tl~oiorr current = 30 d c m 2 ,  Type 9 3 

I Coating time (min.) I Initial OCP (V vs. SCE) I & at initial OCP (kn) 

Table 5- 7 Eiperimentai results for UC-1 coatings on alumina polished 
WE43 r d  (rmodizing current = 30 rnA/cm2. Type '4 3 

I Coating time (min.) I Initial OCP (V VS. SCE) I Rtr at initial OCP (W) I 



Figure 5-1 AC impedance response as afunction of time in 0.86 M NaCI for 
UC-i coating on electrochemically polished WEJ3 rod (RSjl. 1 7 
&cm; 15 rnt~l. .  no pt). (a) 36 min: (IZ) 1.5 hr: (ic) 3 hr,- (4 2 7 hr; 
(e) 20 hr: 10 165 hr: ( j  310 hr. The inset is a Nyquist plot using 
an expanded scale. 



Because all of the coated specimens failed quickly at almost the same applied 

potential, the use of positive polarization to evaluate the performance of the UC-1 

coatings in the NaCl solution was considered to be too aggressive. Therefore, the ac 

impedance data were collected only at the OCP as a fimction of immersion time in the 

NaCl solution, and with periodic visual observations of the surface. Figure 5-4 shows a 

typical series of Nyquist and Bode plots as a tbnction of immersion time in the NaCl 

solution for a UC-1 coating formed at 17 mA/crn2 for 15 minutes on an electrochemicaily 

polished sulface. These results are summarized in Table 5-8. The coating resistance (RK) 

decreases gradually (Table 5-B), dropping fiom ca 400 to 30 kR in 13 days of immersion. 

It is noted that no inductive behavior was observed in the ac impedance responses over the 

entire period of testing, indicating that pitting was not initiated yet. The visual 

observations of the surface also support these electrochemical results. Consistent with the 

decrease in the coating resistance, the surface became darker gray f?om the original light 

gray with time in the NaCl solution, perhaps due to solution penetration into the film 

(wetting effect) and/or some dissolution. These results demonstrate- overall, that the 

coating is very resistive to corrosion in the NaCl solution. 

Analogous to the coating resistance, the variation of the OCPs as a function of 

immersion time is another characteristic which can be tracked. In fact, the OCP values for 

the UC-1 coatings in the NaCl solution were obtained simultaneously with the collection 

of impedance data at various exposure times. For the UC-1 coatings, the OCP behavior 

matches closely with the changes of the coating resistance, suggesting that the OCP is also 

a good indicator of the coating performance in the NaCl solution. Section 5.4.2 will 

discuss in detail the OCP and &behavior of UC-1 coatings on the WE43 disc samples in 

the NaCl solution in terms of the relevant electrochemical reactions occumng and the 

possible mechanism of film breakdown. It should be mentioned again that all UC-1 

coatings on WE43 rod electrodes were formed using only the Type 'b' waveform (Figure 

4-1, section 4.3). 



Table 5-8 The results for a UC-1 cwnirg in 0.86 MNaCI ( m p l e  M5l. f m e d  on 
eiecfrochemzcailfy polished WE.13 rod at 17 rnA/cnt2for IS min.) 

51 

67 

165 

5.4 Evaluation of UC-1 Coatings on WE43 Disc Samples 

213 

237 

3 10 

As discussed above, the surface condition of the WE43 samples. i-e.. the surface 

preparation method used, turns out to be a crucial factor in Setting the coating 

properties and also the experimental reproducibility. It was shown above that it is difficult 

to reproduce the surface condition of the WE43 rod samples by hand-polishing with emery 

paper. While a high degree of smoothness is achieved by electrochemical or alumina 

polishing, such smooth surfaces would not be encountered with practical components in 

industry. Therefore, the surfaces of the WE43 disc samples used in this work were 

prepared by AUiedSignal Inc. by single point machining, followed by smoothing on a 

wheel using abrasive emery paper, and are designated as "as received". This approach 
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30 

30 
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- 1-76 

darker on edge 

darker on edge 

darker on edge 

-1.75 
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darker on edge 

dark spot in center 



yielded reproducible surface areas and conditions and a reasonable surfiace roughness @& 

of 0.6 1 p). The surfaces of these samples appeared visuaUy to be less smooth than those 

prepared by our hand polishing methods (section 5.3), but very uniform. 

Most WE43 disc samples were then anodized (as received £?om AUiedSignal Inc.), 

with only a few exceptions. For instance, the surface of sample SS07 was subsequently 

hand-polished using #I500 grit emery paper, while the surface of sample SS08 was 

polished electrochemically (refer to 3.1.2.1). Every other step of the UC- 1 process was 

the same as described in section 5.2, i-e., degeasing ultrasonically in ethanol, alkaline 

cleaning, chemical pretreatment, and then anodiration. Post-treatment was done on some 

samples after the anodition. The UC-1 anodic coatings were then assessed by using ac 

impedance and CV techniques in the 0.86 M NaCl solution as a function of exposure time. 

Also, anodization conditions (i-e., anodization current densities, anodization times and 

temperatures) were varied to form UC-1 coatings of diierent thicknesses and properties in 

order to identify the optimal anodization parameters for the WE43 alloy disc specimens. 

AAer anodization, the side and one face of the oxide-coated disc samples were covered 

with ~arafi lm~, Teflon tape or epoxy resin, leaving only the second face (ca. 0.77 cm2) 

fiee to the NaCl solution for the electrochemical tests. Therefore. the two faces of the 

oxide-coated disc samples could be used in two separate tests. 

Table 5-9 shows the initial OCPs and film resistances obtained fiorn the ac 

impedance experiments for some UC-1 coatings on these disc specimens in the 0.86 M 

NaCI solution. The initial OCPs varied with the anodization time and the effect of fbrther 

surface preparation steps is also shown. Larger times of anodization show higher Ru 

values, consistent with the increased film thickness (Chapter 4). Also, coatings formed 

using Type 'a' waveform yield higher resistance due to thicker barrier and overall film 

thicknesses than do the Type 'b' coatings. The coatings deposited on m h e r  polished 

surfaces gave more cathodic initial OCPs, e.g., -1.8 to -1.9 V, than did the coatings 

formed on the as-received surfaces, which yielded OCPs of ca. -1 -6 to - 1.7 V vs. SCE. 

Also, as discussed above, the smoother surfaces resulting from electrochemical and 
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alumina polishing yield higher & values. The overall resistance of the UC- I coatings will 

be shown below to decrease with immersion time, as in the case of the rods, and pitting is 

also observed at later times. 

Table 5-9 AC impechce r e d s  for UC-I co(lttngs for selected P E 3  disc samples 

SS02 1 -1 -76 V 1 270 kQ I as-received, 30 rnA./cm2, 15 min. 

at initial Surface and Anodization conditions 

SS09 1 -1 -65 V 1 600 kQ I as-received, 30 rnAkm2, 1030 min. 

SS06 

SS07 I 1 1-2Mn I eiectrochernically polished and coated on 
one face, 15 mA/& 15-20 min. 

SSo8 I -1-91v I 2* I hand-poiished and coated on one face. 15 
rnA/cm2, 15-20 min. 

-1.81 V 

14.1 Electrocliemical propertroes of UC-I coatings vsi anodization conditions 

As described in the previous chapter (section 4.4), the oxide f i h  thickness and 

porosity depends on the anodization current densities and times employed. In this 

segment of the work, the anodization current densities and times were varied in order to 

optimize the UC-I process for the WE43 alloy. It was only at these reproducible disc 

surfaces that these variables could be caretidly tested. Three different current densities, 

10, 15 and 30 mAkm2, and a range of anodization times were employed to form the UC- I 

coatings. 

325 kR as-received, 30 rnAkrn2, 10-20 min. 



5.4. I .  I E m  of anodization current dem-ties and times 

Figure 5-5 and Figure 5-6 show the OCP trends in the 0.86 M NaCl solution for 

UC-I coatings formed at 10 and 30 mAkm2, respectively. Essentially all coatings show a 

similar OCP pattern, i.e., one maximum with time. The OCP is initially unstable (random), 

then increases to reach a maximum value, and finally declines gradually with time and 

stabilizes at c a  -1 -80 V vs. SCE. However, there are a few exceptions, i-e., curves a in 

both figures have a maximum at very short time, after less than 1 hour of immersion, and 

curve b in Figure 5-5 exhibits a more positive steady-state OCP, -1.65 V. It happens that 

these three samples were formed using the Type 'by waveform, suggesting that there is a 

possible correlation between the waveform used and the coating behavior in the NaCl 

solution. 

In the case of the 5 minute coatings (curves a in both figures), the OCPs do show a 

very brief maximum first, but a minimum (negative) value is also seen after that, and then 

they increase slowly to a stable value which is somewhat positive of that of the longer time 

coatings (tl > 10 min-). The reason for the different OCP behavior must be related to the 

coating formation conditions. This is unlikely to be the anodization current density, as 

sample SS3 L (curve c in Figure 5-5, 10 mMm2) behaved similarly to samples SS35 to 

SS29 (curves b-f in Figure 5-6, 30 mA/cm2). The possible-reason for these differences 

could be the anodization time andor the waveform employed. Shorter anodization times 

produce thinner coatings. Also, the coatings on samples SS34, SS36 and SS37 were 

formed using the Type 'b' waveform., while the others were formed using the Type 'a' 

waveform (refer to Figure 4-1. section 4.3). This would suggest that coatings formed at 

constant current, followed by a period of current decay (Type 'a') are different from those 

formed at constant current (Type 'b'). It is also notable that these Type 'by coatings 

(samples SS36, SS37 and SS34) deteriorate visually with time in the NaCl solution, and 

pits were seen when the steady-state OCP was recorded. Therefore, Type 'b' coatings 

appear to degrade more quickly than Type 'a', as perhaps expected. 



Immersion Time (hr) 

Figwe 5-5 OCP vs. exposure time in 0.86 M NaCI for UC-1 coatings formed 
at 10 r n ~ / c m ~ ,  at the following anodizing times: (a) SS36. 5 min.; 
(b) SS3 7, I0 min. ; (c) SSN, 10-60 min. 
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Immersion Time (hr) 

Figwe 5-6 OCP vs. exposure time in 0.86 M NaCI for IIC-I coatings fonned at 
30 mA/cm2, at the foIf0wi)g m~odisng times: (a) SS34, 5 min.; (b) 
SS35, 5-10 milk; (c) SS1O. 10-30 mBr ; (d) SS27. 5-50 rnin. ; (e) SS29, 
5-120 mi)?. 



Interestingly, the coating resistance, &, follows almost the same pattern as 

desmied above br the OCP with time in the NaCl solution (Figure 5-7 and Figure 5-8 vs. 

Figure 5-5 and Figure 5-63. As the OCP moves negatively, the 5 values also decrease; as 

the OCP moves positively, 5increases and when the OCP reaches a steady-state, Itr 
approaches a constant value too. The & maxima occur at the same immersion times as 

do the OCPs. Accordingly, the coatings with a different OCP behavior (e-g., curve a and 

b in Figure 5-5 and curve a in Figure 5-6) also exhibit a different 5 response. For 

example, the Rv values for these coatings either decrease rapidly with time with no 

maximurn developing at any time (samples SS36 and SS34, curve a in both Figure 5-7 and 

Figure 5-8), or they have a very low resistance at all times (sample 37, curve b in Figure 5- 

7). These results indicate that the OCP and & are closely correlated with each other, as 

they behave similarly as a function of immersion time. The origin of this relationship will 

be discussed later in section 5 -5. 

As shown in Figure 5-5 to Figure 5-8, the UC-I coating formed at the same 

current density, but for different times and different waveforms, also show different trends. 

As longer anodization times produce thicker coatings (Chapter 4), they normally yield a 

higher coating resistance (Figure 5-7 and Figure 5-8). For example, sample SS3 1 (10 

rn~/crn~,  10-60 rnin.) took more than 24 hours to reach a steadyostate, while sample S S3 7 

(10 rnA/rm2, 10 min.) took only 12 hours. Also, sample SS27 (30 rnAkrnZ, 5-50 min.) 

reached its steady-state after 150 hours of immersion, while sample SS35 (30 mA/cm2, 5- 

10 min.) needed only ca. 100 hours. Therefore, it seems the longer the total anodization 

time and, in particular, the longer the time over which the current is allowed to decay in 

the Type 'a' waveform, the higher the coating resistance. For coatings formed at 30 

&an2, and for anodiition times longer than 10 minutes, a very similar coating 

resistance over the entire exposure time is seen (curves b to e in Figure 5-8). Thus, it 

appears that times longer than 10 minutes, as long as the Type 'a' waveform is used, are 

not necessary to produce a better coating. 



Immersion Time (hr) 

Figure 5-7 The coating resistance vs. exposure time in 0.86 M NaCI for UC-I 
coatings formed at 10 rnA/crn2, at the folfowi~~g anodizing limes: 
(a) SS36.5 min. : 0) SS37, 10 min. ; (cl SS31. l O d O  nrin. 



Cmmersion Time (hr) 

Figure 5-23 The coating resistance vs. expowe time in 0.86 M N a U  for LIC-I 
cwtings formed at 30 mU"m2, at the following anodizing tzmes: 
(a) SS34 5 min.: (5) SS35. 5-1 0 min.; (c) SSIO. 10-30 min. ; (d) 
SS2 7, 5-50 mirr. ; (e) SS29, 5-120 min. 



Comparing samples SS35 with SS37 (curves b in Figure 5-7 and Figure 5-8). the 

coating anodized at a higher current density using the Type 'a' waveform (SS3 5 )  yielded a 

higher resistance than did the coating anodized at lower current density using Type 'b' 

wavefonn (SS37). It would seem that the current density should be increased funher to 

produce coatings with even higher resistance. However, a fbrther increase in current 

density was restricted by, in this specific case, two factors. First, the bath temperature 

would rapidly exceed 20 "C if higher currents were to be passed, unless a better cooling 

system were available. Secondly, a higher current density would require higher voltage 

sources, as the dc and ac sources in our laboratory have a maximum 400 V and 140 V 

output, respectively. Therefore, 30 &an2 is the highest anodization current density 

which could be used in this project, using these disc specimens. In practice, the coating 

thickness on a component will also be limited by the dimensional allowances. thus it 

cannot be increased beyond a certain limit. 

Most of the UC-1 coatings on the as received disc samples were not post-treated 

after anodization., other than to leave them in air for ca. one week or more prior to 

evaluation in the NaCl solution. However, some coatings did undergo exposure to 

different aqueous solutions after anodization in order to investigate the effect of post- 

treatment on the coating behavior. 

SEM analysis (Chapter 4) has demonstrated that only the morphology of the UC- I 

coatings might be somewhat altered by post-treatment, in that some particulates are seen 

on the coating surface. However, post-treatment does not change the electrochemical 

behavior of the UC-1 coatings much in terms of their OCP and resistance values. For 

example, while sample SS43 was post-treated in a 90 "C NaSiOd solution for 10 min., 

sample SS35 (formed in an identical manner) behaved very similarly in the NaCl solution 

(Figure 5-9). The OCP and IGp maxima are seen at 6 hours for sample SS43 and at 8 

hours for SS35. They approach steady-state after ca. 60 and 80 hours of exposure to the 



NaCl solution, respectively. The post-treatment does not seem to have any significant 

effect on the UC- 1 coating properties. 

5-42 CV and OCP measurements - muhs and &cussion 

The results for a typical UC-I coating (sample SS 13, 30 m ~ k t n ~ ,  5-20 min) are 

presented and discussed in more detail in the following sections. Because both faces of 

sample SS 13, anodized under identical conditions, were tested using the ac impedance and 

CV techniques, the results for both fices could be compared with each other. For easy 

reference, the side of sample SS 13 used for the CV measurements was labeled as SS 13 a, 

while the other side, used first for ac impedance (in the first 80 hours of immersion) and 

then for CV, was labeled as SS l3b, 

In each CV experiment, the scan commenced at the initial OCP, scanning first 

cathodicaily. With a scan rate of 5 mV/sec and a scan range of OCP + 250 mV, each 

cycle took 3.5 minutes. The CVs of the oxide-coated samples are shown in Figure 5-10 

and Figure 5-1 1 (for SS 13a) as a fbnction of immersion time. During the first 5 hours of 

immersion (the first seven CVs in Figure 5-10), the coated electrode exhibited almost 

purely resistive behavior, i-e., the relationship between the polarization potential and the 

current is essentially linear. Then, the CV plots began to exhibit curvature in both the 

cathodic and anodic branches (the last three scans in Figure 5-10, and those in Figure 5- 

1 1) after ca. 10 hours of immersion. The system was not stable, even after 100 hours of 

immersion in the NaCl solution, as the OCP and i-E plots were still variable with time. 

The OCPs obtained from the CV plots fiom the potential at zero current were always a 

little different immediately after a scan from those measured just before. This difference is 

probably expected, as applying a voltage (ca + 250 mV) to the system is likely to disturb 

the equilibrium between the electrode/solution interface. 



Immersion Time (hr) 
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Figtre 5-9 Change of OCP (top) and coatirig resistance ( h f f o m )  with time in 
0.86 M NaCI for UC-I coatitgs (a) SS35. 30 d / c d ,  5-10 min., no 
pt: (b) SS-13. 30 rn~/crn~. 5-10 min.. p f in Na&04 for 10 min. 
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Figure 5-10 CVs as a finction of early exposure times in 0.86 M N d  (a 
indicated) for UC-I cauting (sampie SS13a. 30 rnA/cm2, 5-20 
min., scmt rate 5 mV/sec). 



Figrre 5-11 CVs as a fr~~tctiorn of longer erposwe times (ar indicate# in 
0.86M NaCl for (IC-I  cwting (SS13u. 30 mA/cm2, 5-20 rnin., 
scm M e  5 mV/sec) 



In these i-E plots, the linear slope observed near the OCP at zero current, at least 

at early times, may represent the inverse of the resistance of the oxide film on the alloy 

surfjrce. For example, in Figure 5-10, with increasing immersion time, the slopes became 

steeper and therefore, the resistance of the oxide film would be dropping gradually with 

time. This relationship is indicated more clearly in Figure 5-12, where the film resistance 

& (polarization resistance), obtained from the linear portion of the i/E curves, is plotted 

against time (Figure 5-12). The film resistance drops sharply in the first hour of 

immersion (fkom 167 k i 2 . d  to 32 kR.crn2) and is then almost constant from 1 to 24 

hours (30 kG!.m2 to 20 kR.cm2). It then drops again with time and stabilizes at ca. 9 

kQ.crn2. Correspondingly, a similar time dependence of & was obtained fkom the ac 

impedance results (e-g., Figure 5-9); these results will be discussed in more detail in 

section 5-4-3. 

After 5 hours of immersion (Figure 5-10). it appears that the cathodic reaction at 

the coated electrode becomes more enhanced with polarization than does the anodic 

reaction. This is shown more clearly in Figure 5-13, where the cathodic (ic) and anodic 

current (i,) at arbitrary potentials of -1 -95 V and at -1.60 V, respectively, are plotted 

against the immersion time. Three different segments are observed in these plots. The 

initial one, fkom 0 to 1.5 hours (Figure 5-13), shows that the anodic current increases 

more rapidly than does the cathodic current. The second segment is from 1.5 to 24 hours 

(Figure 5-13). where the anodic current drops a little and then stabilizes for almost 20 

hours, while the cathodic current increases continuousiy with time. The third one, after 24 

hours (Figure 5-13), indicates that the cathodic current increases almost proportionally 

with time, while the anodic reaction no longer changes in rate. A comparison ofFigure 5- 

12 and Figure 5-13 reveals a similar trend for R, and the anodic current (id, i-e., % 
decreases when i, increases, & is almost constant when i, stabilizes and E+, reaches a 

minimum when i, displays a maximum (after ca. 100 hours of immersion). This is 

consistent with the fact that i, (Figure 5-13) is lower than i, for immersion times greater 

than ca. 2 hours, and therefore would control the rate of the corrosion process and 
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for UC- I coati~g (SS13a. 30 rn~/crn~, 5-20 nhr.). 
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UC-I couti~g (SS13a. 30 mA/cm2, 5-20 mim). The fop is the 
exploded view of the shorr time data- 



therefore the measured resistance, A more detailed discussion of the corrosion mechanism 

will be given below in section 5.4.4. 

As the cathodic branch of the i-E plots becomes sufliciently curved (Figure 5-10 

and Figure 5-1 1) after longer times of immersion, a plot of log i versus E could be made, 

showing a linear relationship at high polarization potentials and therefore, the cathodic 

Tafel slope, b., could be acquired. The be values obtained for sample SS 13a are presented 

Table 5-10 Duta for Sample SSI3a (CV only) 

f The data in italics are used in the Evans diagram (Figure 5-15 and Figure 5- 16) 

1 52:40:00 -1 -675 (pitting) 230 10.0 18.0 



in Table 5-10. Very large slopes of 490 (mV/per decade) were obtained at the early 

immersion times, indicative of a v e y  resistive film existing on the electrode surface. 

Normal Tafel slopes for active electrodes are expected to be no larger than 1 18 mV, 

reflecting the first electron transfer step as rate determining. With time in the NaCl 

solution, the cathodic Tafel slopes decrease, as shown in Table 5-10, indicating that the 

film resistance decreases due to ion and/or solution penetration into the tilm, film 

breakdown, or thinning, etc. However, a 118 mV dope is never seen in these 

experiments. Unfortunately, the anodic Tafel slopes could not be obtained, since the i-E 

plots were essentially linear (Figure 5-10 and Figure 5-1 1) up to E = + 250 mV vs. OCP at 

all times. It was considered dangerous to polarize more anodically, due to the risk of 

provoking pitting and irreversible changes to the oxide &. 

The corrosion current, i-, was only very approximately estimated by 

extrapolating only the cathodic Tafel Line to the OCP. The corrosion rate, in terms of mils 

per year (rnpy), was then calculated from the corrosion current by making a few 

assumptions, e-g., that M ~ ~ '  is the corrosion product, and therefore the number of 

electrons involved in the reaction (n) is 2, the molecular weight of the species that 

dissolves 60m the alloy (M.W.) is 24.3, the alloy density (d) is 1.74 @cm3 and the surface 

area 0.77 cm2, the apparent area of the electrode. The corrosion rate (mpy) can be 

obtained £kom the following equation (5-l), and the results are presented in the last 

column of Table 5- 10. 

M. W:i- - 3600 - 24 365 
corrosion rate (npy) = 

nF-d-254 

It is demonstrated in Table 5-10 that the corrosion rate shows the same trends as 

does b. and the OCP. The corrosion currents and mpy values are almost constant at long 

times of immersion, at ca LO pA/cm2 and 9 mpy, respectively, which could be considered 

as the stable corrosion rate of these particular samples in the 0.855 M NaCl solution. 



In the case of sample SS 13b, ac impedance experiments were carried during the 

first 80 hours of immersion. Both the OCPs and the b. values were very stable after ca. 80 

to 120 hours of immersion, being ca. -1 -78 V and 2 10 mV, respectively. The fact that 

varying the scan rate f?om 5 to 20 mV/s did not have much efFect on these data confirmed 

firther that the system had truly stabilized after 80 hours of immersion. The anodic Tdel 

slopes could again not be obtained for the same reasons as described above. It is of 

interest that the specimen used for the ac impedance experiments (SS l3b) was more stable 

in the earlier times and also after 80 to 120 hours than was the other side (SS 13 a). These 

differences may be due to the different perturbation techniques used during their 

immersion in the NaCl solution. The CV experiments involve the application of k 250 mV 

to the system for data collection, while the ac impedance technique imposes only a 10 mV 

(rms) signal at the OCP. 

5.4.3 Comparison of ac impedance and CV results 

In this section, the ac impedance results obtained for the UC- I coating are 

discussed and compared with the CV data only. No attempt will be made to use 

equivalent circuit analysis or to examine the capacitance and high fiequency resistance 

results here. Figure 5-14 shows a typical example, for a UC- 1 coating (SS 13 b), of the low 

frequency resistance and OCP obtained &om the ac impedance experiments as a function 

of the immersion time in NaCl. It can be seen that, in the first hour of immersion, the film 

resistance decreases rapidly (from 4.6 Ml2. cm2 to 0.46 MR. cm2 in 2 hours) and then a 

small peak develops at ca. 13 hours. Then, the low fiequency resistance drops slowly with 

time and stabilizes at ca. 10 kR (ca. 6 k12.crn2) after c a  70 hours of immersion. Actually, 

similar trends have also been observed for other UC-1 coatings (Figure 5-8). 

As the coating resistance can be obtained from the CV data as a hnction of 

immersion time, a comparison can now be made between the results obtained from ac 

impedance (Figure 5-14) and from the CVs (Figure 5-12). First, the magnitudes of the 
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Figire 5-14 OCP and Ry vs. expanre time in 0.86 M NaCI for UC-I touting 
(SS136. 30 rn~/ctn~, 5-20 min.) 



film resistance are different, particularly at the early immersion times, i.e., ac impedance 

gives a higher film resistance than does the CV experiment. Second, the maximum in 

Figure 5-14 is much more well developed. For the UC-1 coatings in Figure 5-14, very 

similar trends are observed, except for the 5 min coating. It can be observed that the 

peak time (i.e., peak C in Figure 5-14) increases with anodization time (and t~ the time 

allowed for current decay). As will be discussed later, the coating starts to fail after its 

OCP or & pass this peak. Therefore, it would be advantageous if the development of 

peak C could be prolonged, as coating Mure may also then be delayed. This suggests 

that the thicker films formed at longer times using Type 'a' waveform will be more 

corrosion resistant in the NaCI solution than the Type 'b', thinner films, as logically 

expected. 

Figure 5-14 also shows that a good correlation exists between the OCP behavior 

and the film resistance changes for the UC-1 coating (sample SS13b) as a function of 

immersion time in the NaCl solution. In the A-B region (0 to 4 hours), the OCP drops 

rapidly (-1.66 V to -1 -92 V), as does the film resistance (6 MR to 70 kn). In region B-C 

(4-13 hour), both the resistance (70 kR to 300 kn) and the OCP (-1.92 V to -1.65 V) 

increase. Region C-D is similar to A-B, except that the rate of decrease of the resistance 

and of the OCP is lower. Finally, the system stabilizes in region D-E, exhibiting an 

essentially constant film resistance and OCP. The OCP behavior is very similar to that 

obtained from the CV experiments, as shown in Figure 5-13. 

Another interesting point is that, at immersion times of ca. 2 to 12 hours, the film 

resistance increases while the OCP shifts anodically, which was not observed in the CV 

experiments in Figure 5- 13. Instead of showing the trend of increasing film resistance as 

the OCP moves anodically, an almost constant film resistance value is seen. This 

inconsistency between the results of these two techniques may be understandable, as 

discussed above, and the ac impedance results are more likely to be more correct. 



5.4.4 interpretation of the corrosion dotu with irnlliprs~bn timeEvans diagram 

In order to gain a better understanding about the behavior of the OCP and 

resistance changes of the UC-1 coating in NaCl solution, as well as the changes of the i-E 

plots, the Evans diagram approach has been adopted, involving a graphical superposition 

of log i - E curves for both the anodic and cathodic reactions. The purpose of this 

exercise was to attempt to establish conclusively whether the oxide failure mechanism is 

anodically or cathodically controlled. It is assumed here that the oxidation and reduction 

reactions are: 

Figure 5-13 shows a plot of the OCP, as well as of i. and i,, as a function of 

immersion time, exhibiting four different segments, based on their responses, as discussed 

above. Using these observations, Evans diagrams could be constructed (with numerous 

approximations) to attempt to interpret the observed behavior. 

Figure 5-15 and Figure 5- 16 show a selection of anodic and cathodic polarization 

curves, based on the experimental data. The CV data obtained from 1 to 4 hours of 

immersion were used in Figure 5-15, while the CV data from 30 to SO hours of immersion 

were used in Figure 5-16. It should be pointed out that CV data at less than 1 hour of 

immersion were not included in this type of analysis as they were changing too rapidly 

with time. Also, the data from ca. 5 to 25 hours were not included, as the system was 

very stable over this time period. The cathodic Tafel data fkom Figure 5-1 0 (Table 5- 10) 

were used to construct the cathodic tines. i, at only one potential, -1 -6 V, was used to 

define the anodic line, and logarithmic behavior is assumed. It should be noted that even 

though the anodic response is not logarithmic, but is actually linear (Figure 5-1 I), all of 

the trends and discussion below are still likely to be valid assuming logarithmic anodic 

behavior. i, is made equal to i, at the observed zero current condition, at the OCP (0) .  

Therefore, lines C 1 to C3 in Figure 5-1 5 and Figure 5- 16 represent the experimental i-E 



curves for the cathodic reaction, at different immersion times, while for lines A1 to A3, 

only the points at -1.6 V (x) reflect true experimental data. It can be seen that, with time, 

both the anodic currents and the slopes of lines A1 to A3 decrease, while the slopes of C 1 

to C3 are approximately constant. This procedure yields an estimate of the corrosion 

current (inverse of film resistance) as a function of time. The OCP can be seen to move 

positively and the corrosion current increases, consistent with Figure 5-13. 

In Figure 5-16, the data for the immersion times of 30 to 50 hours (refer to Table 

5-10) show that both the anodic and cathodic currents are increasing with time, and that 

the slopes of both C1 to C3 and A1 to A3 also change with time. The OCP shifts 

cathodically, and the corrosion current increases with time as well. The main difference 

between Figure 5-1 5 and Figure 54.6 is that the anodic currents in Figure 5- 15. i-e., at 

early immersion times, must decrease in magnitude with time, while after longer 

immersion times, they must increase again, in order for the interception of the two 

branches to meet at the OCP. Again, this would also be true if a non-logarithmic 

dependence of the anodic i on E were assumed. 

This Evans diagram anaiysis suggests that the anodic reaction is the main factor 

determining the OCP and the coating resistance behavior of the oxide-coated WE43 alloy 

with time in the NaCl solution. The lower anodic slope (higher b. value) in Figure 5-15 

and Figure 5-16 indicates that the anodic reaction is likely to be the rate determining step. 

This implies that any approach which will inhibit specifically the rate of the anodic reaction 

would also retard the overall corrosion rate of the WE43 alloy. 
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Figrre 5-16 Evms diagram for UC-l coating (longer times of jmntersiod on 
sample SS13a (30 mALcm2. 5-20 rnin.). llte cathodic data (j .  and 
m e  m~odic data point (x) d the OCPs (0) are obtained 
eqm-imei~ta/ly. 



5.4. S UC-2 coating in b+d solutium @H wect on coating pe7fomance) 

AU of the previous experiments described (ac impedance, OCP and CV 

measurements) were camed out at room temperature, and in non-deaerated, quiescent 

conditions in the 0.86 M NaCl solution, No buffer was added to the NaCl solution and 

the pH was therefore likely to be ca. 5-6, consistent with the conditions encountered in 

practice. However, when the corrosion reaction proceeds, the local pH in the region near 

the coated surfkce or inside the fiIm may vary. This, in turn, may lead to an OCP shift and 

affect the corrosion rate also. In order to briefly investigate the effect of pH on the 

corrosion behavior of the UC-1 coatings, two buffer solutions were employed (Table 3-2). 

The UC-1 coating behavior was tested in these buffered NaCl solution using the same 

electrochemical techniques listed above. 

Figure 5-17 shows the low frequency resistance and the OCPs of the coating as a 

function of immersion time for UC-1 coated sample SS 14. Both samples SS 13 and S S 14 

were anodized using the same conditions, i-e., 30 m ~ l a n * ,  5-20 minutes, Type 'a', but 

they performed differently in solutions of different pH Comparing Figure 5-17 with 

Figure 5-14, obtained in the non-buffered NaCl solutions, the coating resistance decreased 

fiom 6 M2 to 8 WI in 127 hours of immersion in the non-buffered condition, while that of 

sample SS 14 decreased from 10 MR to 5 kR in only 16 hours of immersion in the 

buffered pH 7.5 NaCl solution. Also, the solution pH affected the OCP behavior, as 

shown in these two figures. The origin of the pH effect on the corrosion behavior can be 

explained based on simple electrochemical theory. 

As discussed above, the corrosion process is considered to involve reaction (2-2) 

coupled with reaction (2-3). Obviously, the solution pH will affect the equilibrium 

potential and the rate of both of these reactions, since OK is involved in both. The 

oxidation reaction will produce a local alkaline environment near the corroding area and 

promote the formation of Mg(OH)Z, hence improving the corrosion resistance of the 

system. The cathodic reaction wiIl consume OK, but presumably at a different (cathodic) 

location. However, in the buffered pH 7 solution, Mg(0- is soluble (pk, = 10.36, 
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Figure 5-1 7 OCP md Rvvs. exposure time in buf/ed N d i  soh~tion @(pH 7.5) 
for UC- I cwt i t~g (-pie SSSI Jb. 30 rn~/crn~, 5-20 min.). 



IGp = 5 -6 1 x 10-12), SO that the corrosion rate may be enhanced compared to in the non- 

buffered solution, where local more alkaline pH's may develop. The impact of pH on the 

anodic readon is considered most M y ,  due to the evidence presented in the previous 

section (5.4.2) that the anodic reaction is corrosion rate limiting. This, therefore, could 

explain the differences between the data shown in Figure 5-14 and Figure 5-1 7. 

Although the solution pH is clearly an important factor affecting the corrosion 

performance of the UC-I coating in aqueous NaCl solutions, the results obtained in non- 

buffered NaCl solution are still reliable and comparable, as long as all of the experiments 

are carried out under identical conditions (i-e., non-buffered, quiescent, and at room 

temperature). Also, in practice, no buffering exists and therefore the majority of this work 

was carried out under similar non-buffered conditions. 

5.4.6 UC-I coatings on as-cast M43 disc samples 

An as-cast WE43 disc sample (sample SCOI), anodized using our WC-1 process, 

was also tested in the NaCl solution. This was done as WE43 components are Likely to be 

as-cast in practice, rather than machined and polished. The sample was prepared by 

AlliedSignal Inc., with one side in the as-cast condition. Visually, the as-cast surface is 

very rough compared to the normal machined WE43 disc samples used in the previous 

experiments. Prior to coating, the polished side and the edge of the disc sample were 

covered with Teflon tape and only the as-cast side was left free for anodization. The 

parameters of the UC-1 coating process were kept the same as those for the previous disc 

samples (30 mA/cm2, 5-30 minutes). After coating, the surface still appeared quite rough, 

similar to that of the original uncoated surfice. Then, the UC-I coated surface was 

examined in the NaCl solution using the ac impedance technique. Figure 5-1 8 shows the 

Rlr and OCP results for this coated specimen as a m i o n  of immersion time. 

The OCP of sample SCOI in the NaCl solution was around -1 -65 V vs. SCE in the 

first 20 hours of immersion, more positive than for the machined sample, e.g., sample 

SS 13. The ac impedance results indicated that the coating resistance of sample SCO 1 
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Figure 5-18 OCP ami R p s .  exposure t h e  in 0.86 M NaCf for UC-I coating 
on as-cast surface (knnp!e SCOI, 30 &/cmZ, 5-30 m i r ~ )  



decreased quite rapidly with immersion time, and that pitting commenced afker only ca. 20 

hour of immersion. In spite of this, the SCO 1 sample is still much more protected than a 

non-coated WE43 alloy, at least in the first 20 hours of immersion. The properties ofthe 

UC-1 coatings clearly depend on the su&ace preparation method used, as discussed 

before, and therefore these results for the as-cast &aces are expected and 

understandable. Actually, a surtace analysis of machined and as-cast WE43-T6 samples 

by Auger electron spectroscopy [lo61 indicated that the surface contamination layer was 

much thicker for the as-cast than for the machined sample. Therefore, a special surface 

pre-treatment would be necessary for as-cast samples to completely remove the surface 

contamination prior to anodization. More work would be needed to improve the UC-I 

process for as-cast WE43 specimens. 

5.4.7 Interpretdon of impedance results - EquiVaIent circuit 

5.4.7.1 Equivalent Circuil 

In this part of the work, a correlation has been sought between the ac impedance 

data and the long-term coating performance in the 0.86 M NaCl solution to determine 

which impedance parameter (if any) could be used to predict the long-term coating 

behavior. From the literature, coating capacitance and resistance (the low frequency 

impedance) are the most commonly used parameters. Generally, coated metals with 

purely capacitive behavior throughout the exposure time show the best protection fiom 

corrosion, and those with resistive/capacitive behavior (typically containing some defects) 

f ~ l  more easily at a rate proportional to the rate of the decrease of the film resistance 

[107]. 

As described in section 2.3.2.4, Chapter 2, equivalent circuit fitting was employed 

to simulate the ac impedance data in order to establish the correlation between the 

equivalent circuit components and the coating properties. 



Based on the UC-1 coating structure desmiied in Chapter 4, a relatively simple 

equivalent circuit (circuit I, Table 5-1 1) was employed to model the ac impedance data for 

oxide-coated WE43 samples (SS l3b) in the 0.86 M NaCl solution. As an example, Figure 

5-19 shows the overlay ofthe simulated and experiment data using circuits I and I1 for the 

different exposure time; a very good fit is seen in both cases. 

Table 5-1 1 Some Equivalent Circuirs used in this work 

Circuit and Code Application 
- - - - - - - - - - - - 

UC- 1 coating at short 
times in NaCl. 

- - - - - - - - - - - - - 

UC- I and UC-2 coatings 
at longer times in NaCi. 

UC-1 and UC-2 coatings 
when inductive behavior 
is present (onset of 
pitting). 



I -0- expimental data 
OX- simulated data 

Figrre 5-19 Overlaying of experirne~~tal m ~ d  caIc11Iated impedance data for the 
UC-i coating at d~jterent exposure times (sample SS136. 30 mAkm2, 
5-20 rnin.). top (a): circuit I, eqmnre time I hr I 9  mitt.; bottom 
(3): circuit 11, exposure rime 6 hr 24 min. 



5.4.7.2 Interpretaton of ac inpeahce &Q for sample SS13 

Table 5-12 lists the value of each component of circuit I as a tinction of a 

selection of immersion times for sample SS13. Generally, with increasing time of 

immersion, Rl, R2 and R3 decrease, while CPEl, CPE2 and CPE3 all increase continuously. 

It is notable that the second time constant (RsPE2) disappears after 4 hours of 

immersion. In other words, circuit I becomes circuit II with time, and hence the properties 

of the electrode d a c e  become simpler. Figure 5-20 shows clearly the dependence of RI, 

R3, as well as CPEl and CPE3 as a function of immersion time in the NaCl solution. It is 

Table 5-1 2 Imperhnce results for sample SS13 ( i t a  simdatzo~ using circuit I )  

: E is the exponential. 

Time 
(W 

0 

0.42 

0.80 

1.19 

1.58 

2.15 

5.16 

9.44 

17.7 

29.96 

12.23 

60.57 

96.18 1 

OCP 
0 

-1.74 

-1.69 

-1.71 

-1.74 

-1.88 

-1.92 

-1.78 

-1.65 

-1.76 

-1.80 

-1.80 

-1.80 

-1.78 1 

R. 
(Q) 

11 

14 

14 

14 

31 

14 

15 

13 

14 

6-7 

6.3 

6.2 

7.3 1 

Rl (a) 

5 . 1 ~ ~ 6  

1.4E6 

1.3E6 

9.9E5 

1.7e5 

2E4 

1.3E5 

3.5ES 

2.9E4 

7.6E3 

3.7~23 

3.Oe3 

3.1E3 1 

CPEt 
0 

1.lE-7 

3.9E-7 

5.4E-7 

9.2E-7 

3.9e-6 

3.3E-5 

8.7E-6 

2.2E-6 

2.8E-5 

l.lE-4 

2.1e-4 

2 . 9 ~ 4  

3.2E-4 1 

nl 

0.9 

0.85 

0.83 

0.82 

0.69 

0.77 

0.84 

0.89 

0.93 

0.85 

0.88 

0.86 

0.87 1 

Rt 

1.3E3 

43E3 

4.4E3 

4.2E3 

6.1~2 

I 

CPEt 
m 

7.OE-8 

8.8E-8 

1.2E-7 

3.4E-7 

7.k-7 

n~ 

0.91 

0.87 

0.86 

0.78 

1.00 

I 1 6.2E3 1 9SE-6 1 0.93 

R3(R) 

l.lE6 

6.8E5 

5.6E5 

5.3E5 

L.8eS 

5.1E4 

1ES 

7.9EO 

3,6EI 

1.3E4 

7.7e3 

6.5e3 

CPE3 
(F) 

7.38-8 

1-7E-7 

2.3E-7 

2.6E-7 

4.3e-7 

1.4E-6 

2.7E-6 

1.9E-6 

3.5E-6 

5.8E-6 

7.9e-6 

9.1e-6 

03 

0.92 

0.87 

0.86 

0.86 

0.89 

0.90 

0.94 

0.90 

0.9 1 

0.93 

0.91 

0.93 
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Figwe 5-20 Depe~lde~lce of simulated Rr. R3 (lop) and CPE,. CPE3 (601torn) 
vnkres on immersior~ time (sample SS13b. 30 mAkrn2. 5-20 mitt.). 



notable that Rl and R3 behave very simiiariy to the shown in Figure 5-14, where the RB- 

values were obtained fiom the low frequency ac impedance data. Different regions still 

can be seen in the simulated data In the A-B region, RI and R3 decrease, but CPEL and 

CPE3 increase when the OCP moves cathodically- In the B-C region, Rt and R3 increase, 

but CPEl and CPE3 decrease, corresponding to the OCP moving cathodically. In the C-D 

region, similar to in A-B, R1 and R3 both decrease again, while CPEl and CPE3 increase as 

the OCP moves negatively. Finally, after c a  40 hours of immersion, all of them reach a 

steady state. 

The physical meaning of each component in this equivalent circuit might be as 

follows. R is known with certainty to be the solution resistance between the SCE and the 

WE43 surface. RICPEl may represent the oxide/solution interface, R3CPE3 may originate 

from the oxide film itseK and R2CPE2 may reflect the reaction (dissolution) of surface 

material formed 6om the spark process used during anodization. 

The solution resistance, R, ranges between ca 7 R - 14 R, i-e., it appears not to 

be constant d u ~ g  the time of immersion. Actually, & could not be measured well using 

the ac impedance method in the early times of immersion, even at > 10' Hz, due to the 

overall high resistance of the system under these conditions. Therefore, the E& values of 

ca. 6-7 SZ obtained at longer times in solution are more likely to be correct 

As can be seen in Table 5- 12, (&CPEt) disappears after a short time of immersion. 

Before that, Rz was almost constant at several kQ, much smaller than RI and R3- 

Therefore, (R2CPE2) might be associated with a low resistance process such as the 

dissolution of surface products generated fiom the spark phenomenon. As higher DC/AC 

voltages are applied with time during anodization, the size and number o f  sparks on the 

alloy surtace gradually change, from many small sparks at short times to larger, but fewer, 

sparks later. These large sparks appear to generate large pores in the oxide layer and 

leave some loose material on the surfkce. These products dissolve readily in the pH 7 

NaCl solution, yielding RcPE2 in the high frequency range in the early times of 



immersion. Once this dissolution process is complete, the related time constant 

disappears. 

RlCPEl is suggested to be the oxide/solution interfacial time constant, Le., RI may 

reflect the resistance of electron transfer (polarization resistance) and CPEl may 

correspond to the double layer capacitance of the oxide. The nl value is close to 0.9 for 

the barrier film (an indication of good capacitive behavior). As shown in Table 5-12, RI 

decreases &om 5 MR to 3 kR after four days of immersion, indicating that the rate of 

electron transfer at the oxide/solution interfkce increases with time. 

R3CPE3 may reflect the oxide film properties. As shown in Table 5-12, R3, the 

film resistance, decreases with time, as does R1, and CPE3 increases with time. The n3 

value of ca  0.9 means that the CPE3 behaves close to a pure capacitor. Theoretically. 

equation (2-9) represents the relationship between the surfiace area A, the dielectric 

constant of the oxide film E, the film thickness d and the f lm capacitance C. 

Therefore, an increase in CPE3 may be caused by an increase in the oxide surface area 

and/or a film thinning effect. The corrosion of the oxide film will lead to an increase in the 

surface area by increasing the porosity and/or the number of pits. The total film thickness 

does not seem to change, as seen fiom the results of SEM analysis performed before and 

after immersion in NaCl solution (Table 4-2 in Chapter 4). However, the increase in CPE; 

also may reflect, in part, a decrease in the thickness of film not penetrated by solution, 

either of the underlying barrier film or of both the barrier and porous films. The pathways 

allowing solution into the film are likely to be very fine and unresolvable by the SEM. If 

the oxide area is increasing, this must imply also the development of pores. cracks and 

microfissures in the film. 

The film thickness, d, can be calculated if A and E are known, and compared with 

that acquired &om SEM. The E, value found in the literature for MgO is 9.6 [83]. As E. is 



I09 

8 -8 5 x 1 0'12 F/m, assuming CPE3 to be the film capacitance (as n3 is close to 1 -0) and using 

the initial value of 7.3 x 10" F, the apparent surfice area of 0.77 cm2 and E 9.6, then the 

oxide film thickness (d) was calculated to be ca. 90 nrn by equation (2-9). This is less than 

either the barrier or porous fk thickness determined from SEM analysis for similar 

samples. Note that this particular UC- 1 coating, sample SS 13 (3 0 mNcm2, 5-20 min.), 

was not analyzed by SEM, so the exact tilm thickness is not known. If it is assumed that 

its thickness is close to that for sample SS 17 (30 rnA/cmtT 5-30 min.), having a barrier f3.m 

thickness of ca. 1 pm and total oxide thickness of 13-14 pm, then the c a  0.1 pm 

calculated from the capacitance is rather low. Perhaps the real surface area is much larser 

than the apparent d a c e  area because of the porosity of the Wn. Alternatively, solution 

penetration into both the porous and barrier films, resulting in a thinner intact barrier film, 

which will dominate the capacitance result. 

5.5 Overall Model of Oside Film Failure at the WE43 Alloy 

As discussed in secti-on 5.4.3 (Figure 5-14) for the UC-1 coating there are typically 

four segments (i-e, A-B, B-C, C-D, and D-E) seen in the plots of the OCP and Rw data vs. 

immersion time, as well as the simulated data for the ac impedance (Figure 5-20). 

Actually, similar trends are also observed in the plots of &, i, and i, (Figure 5- 12 and 

Figure 5-13), while only the times corresponding to these regions are different due to the 

different experimental technique employed. For example, in A-B, the OCP is moving 

cathodicdyT coating resistance (I4r and &) decreases and both i, and i, increase. In B-C, 

the OCP shifts anodically, the coating resistance increases (Rd or remains constant (R,,), i, 

decreases or remains constant- but i, increases slowly. In C-D, the OCP decreases again, 

the coating resistance decreases & and &) and both i, and i. increase. Finally, the OCP 

stabilizes, E& and & approach a steady state and so does i,. How the change of OCP is 

connected with the ac impedance data and the CV data is discussed in more detail, as 

follows- 
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The SEM analysis shows that the UC-I coating consists of a thin, non-porous 

barrier layer and an overlying much thicker porous layer. The dimensions and nature of 

both of these films depend on the anod'ition conditions, as discussed in the previous 

sections. Figure 5-21 demonstrates schematically the structure of the oxide film formed 

by the UC-1 process. 

Figure 5-22 shows a schematic representation of a possible sequence of events 

which occurs with time when the UC-1 coated WE43 disc specimens are immersed in the 

0.86 M NaCl solution, based on the model of the UC-1 coating structure and the 

experimental results and analysis. 

- Barrier Layer 

+ WE43 Substrate 

Figrre 5-2 1 Model of the UC-l coaring structure (hot to scale) 
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Figure 5-22 A schematic representation of the changes in the UC-I coating with lime in 
0.86 M NuCl solutionII 



1. The A-B region (OCP moves negatively, the tilm resistance decreases and the 

capacitance increases): In the previous discussion of the CV data for sample SS 13, the 

coated electrode was shown to yield almost purely resistive behavior with a b. of ca. 

500 mV in this period of time- Both i (at -1.6V vs. SCE) and i. (at -1 -95 V vs. SCE) 

increase significantly with time, suggesting that the system is unstable and changing. 

Considering that the coated electrode had been stored in air for some time prior to this 

test, the oxide film was likely to be quite dry. As soon as the dry film is immersed in 

the aqueous solution, Ha and ions such as CI- and NaT begin to penetrate the porous 

oxide film. This penetration process results in a thinner intact film, therefore yielding a 

lower film resistance and higher capacitance. Perhaps a greater number of new anodic 

sites develop inside the am, consistent with a larger increase in the anodic current 

density and the negative shift of the OCP (Figure 5-13), while the number of cathodic 

sites, which may exist more at the outer surtace of the film increases less rapidly. The 

thicker and more sealed coatings, such as these are formed at higher current density 

and longer times and by use of the Type 'a' waveform, could inhibit or delay the 

solution penetration process and, therefore, improve the overall coating performance. 

The OCP of the corroding electrode depends on the equilibrium potentials of both the 

cathodic and anodic reactions. In these unbufered solutions, the hydrogen evolution 

reaction could result in the development of a higher local pH, near the electrode 

surface, which in turn, would lower the equilibrium potential for this reaction and 

would enhance Mg(OE& formation. This is another possible explanation for the 

negative shift of the OCP. 

At the same time, the dissolution of loosely attached surface material may occur once 

the oxide film contacts the NaCI solution, also leading to a thinner overall film and 

possibly a rougher surface. The loosely attached surface material may consist of 

compounds such as MgC03 (formed during storage in air), Mg(OH)*, MgF and 

Mg2Si04, many of which would be prone to dissolution at near-neutral pH's. 



2. The B-C region (OCP shifts positively as the film resistance increases and the 

capacitance decreases): Since the porous layer is relatively thick and the pores are 

assumed not to intersect (refer to the SEM results in Chapter 4), the products resulting 

fiom the early stages of corrosion (A-B region, in the first four hours of immersion) 

might deposit partially inside the oxide film pons. The results @om Hg porosirnetry 

also suggest a decrease in the average pore sue in the B-C vs. A-B region. The higher 

local pH at the cathodic sites would enhance the deposition of Mg(Om andlor 

MgCOs (refer to section 5.4.5). As a result, the rate of electron and ion transfer 

through the film may become more hindered, so that one or both of them now become 

the rate determining step. From the analysis of the CV data in this same region 

(Figure 5-13), it is notable that the anodic currents decrease while the cathodic current 

increase at these times of exposure. The corrosion rate is therefore likely to be 

determined by the anodic process in this region. The positive shift of OCP can then be 

understood from Figure 5-15. It appears that thicker films formed using higher 

current densities and times or using the Type 'a' waveform could extend the B-C 

region for longer times. 

3. The C-D region (similar to A-B, the OCP moves negatively while the film resistance 

drops and capacitance rises): After solution penetration into the outer part of the oxide 

and dissolution of the loosely attached surface material (A-B region), followed by 

some micropore blocking by corrosion products (B-C region), further penetration 

through the barrier layer that lays between the porous oxide and the alloy substrate 

may occur. Considering that the oxidation of Mg continues to occur at the base of the 

pores inside the film, it is possible that some pressure build-up could occur, resulting in 

some film cracking. The SEM analysis confirms film cracking (section 4.4.4) after the 

coating was exposed to the NaCl solution for longer times of electrochemical testing. 

Also, the Hg porosimetly data suggests a higher surface area in this region. At this 

point, some incipient pits are initiated as well. Figure 5-13, however, still shows that 

the anodic reaction rate controls the overall corrosion rate. The cathodic reaction rate 
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becomes higher, as a lower cathodic TaH slope, ca 300 mV, is now obtained. This 

suggests that the cracks and pores are wide enough so that the cathodic reaction 

occurs deeper into the film pores, thus decreasing the path length for electrons through 

the oxide film. The negative shift of the OCP is indicated in Figure 5-16. 

4. D-E region (the OCP, the film resistance, as well as the capacitance, remain almost 

constant): After c a  40 hours of immersion in the NaCl solution, the corrosion process 

reaches a steady-state. The local pH may have equilibrated, b. is ca 200 mV and the 

OCP is almost constant. At this point, the entire coating surface becomes dark gray, 

but uniform, and hydrogen bubbles are often observed on the surface. In the worst 

case, even black blisters can be seen visuaily on the surface or at the edges, indicating 

that the coating has failed. 



6. UC-2 COATING ON THE WE43 ALLOY 

6.1 Introduction 

The UC-1 process described in the last chapter has successfbL1y been applied to the 

WE43 alloy. It improves significantly the WE43 alloy corrosion and pitting resistance in 

the NaCl solution In this chapter, another Mg alloy coating technique, termed the 

University of Calgary Process 2 (UC-2, for simplicity), is described. Basically, this 

coating method is similar to that described in the previous chapter (UC- 1), except that the 

solution composition involved in each step is different. The same electrical circuit used in 

the anoddtion step for the UC-1 process was also employed for the UC-2 process. The 

corrosion characteristics of the UC-2 coating were also evaluated in the 0.86 M NaCl 

solution using a range of electrochemical techniques. To accelerate corrosio~ the UC-2 

oxide coatings were tested without any surface sealing, priming or painting. The research 

efforts on UC-2 have been aimed at the optimization of the formation conditions of the 

coating and comparison of its properties with the UC-1 coating. 

6.2 Formation of UC-2 Coating on WE43 AUoy 

Two types of WE43 samples, WE43 rods and discs, were again anodized using 

UC-2 process. As in the case of the UC-1 approach, the UC-2 process includes three 

steps: surface pretreatment, anodization, and specimen post-treatment. The details of 

each step are described as follows. 

6.2.1 Sur$iace pretreatment 

The surfaces of the WE43 rod and disc samples were prepared in the identical 

manner as described in Chapter 3, followed by degreasing ultrasonically in ethanol. After 

cleaning in an alkaline solution (Table 6-1) for 1 minute, the samples were etched in an 

acidic solution (Table 6-2) for 30 seconds [23]. Then, the samples were activated in 40 

% HF for c a  LO seconds [23]. The sample surfaces were smooth and bright after these 

pretreatment steps. It should be noted that the samples were rinsed with 3 times distilled 



water between each step and that alI pretreatment steps were carried out at room 

temperature- 

Tubie 6-1 AiMiine cleaning solution 

I sodium hydroxide (NaOH) I SON I 1.25 M I 
I trisodiurn phosphate (NaJ?Oj) I 10 gfl 1 0.06 M I 

Table 6-2 Acidic etching solution 

M e r  surface pre-treatment, the WE43 samples were anodized in an alkaline 

solution (Table 6-3) by applying the same ddac voltages (but Type 'by only) as for some 

of the UC-1 coatings; the cell set-up and the electrical circuit used are shown in Figure 3-4 

and Figure 3-5, respectively. A current density of ca  14 mA/cm2 was utilized for most of 

the samples and the bath temperature was kept between 8 "C and 20 "C by use of an ice 

water bath. As the anodic oxide film thickness depends on the current densities and times 

used during anodization (section 4.4), various oxide thicknesses were again examined in 

order to optimize the UC-2 anodization conditions for the WE43 alloy. As the 

anodization bath composition for the UC-2 process is different from that of UC-I, a 

different coating composition is expected. Indeed, UC-2 coatings on the WE43 alloy 

appeared darker gray and less smooth than the UC-I coatings. 

phosphoric acid (&POI) (85%) 

sufiric acid ( ~ O I )  (98%) 

380 ml/l 

16 dl 

5.60 M 

0.30 M 



Table 6-3 Composition of anodizing solution for UC-T process 

- I hydrofluoric acid, HF 30 gfl I 1.5 M 

phosphoric acid, HsP04(85%) I 60 gfl I 0.52 M 

boric acid, H3O3 I '(I gfl I 1.13 M 

ammonia I added to adjust solution pH to 8.9 

M e r  anodization, some coatings were firther treated in an aqueous sodium 

silicate solution (0.36 M) for 15 minute at 95 "C, and then exposed to an atmosphere rich 

in COz for 30 minute [23]. This latter step is expected [23] to seal the coating pores and 

convert portions of the coating film to MgC03 and to Wher  enhance the resistance 

against corrosion and wear. Visually, no changes couId be observed on the coating 

surface after this post-treatment step. In this chapter, the corrosion resistance of the UC-2 

coated samples, with and without this post-treatment step, will be compared. 

6.3 Evaluation of UC-2 Coatings - Results and Discussion 

UC-2 coatings formed on WE43 rod and disc samples were evaluated in the 0.86 

M NaCl solution using the ac impedance technique and by tracking the OCP vs. time. 

Also, an effort was made to interpret these results and to haher understand the coating 

properties. Since two types of WE43 samples were anodized using UC-2 process and 

their surface conditions were different, the results and discussion are given separately for 

each of them. 

6.3.1 UC-2 coatbag on WE43 rod samples 

In the early rounds of experiments, the UC-2 coating was formed on the cross- 

sectional face of WE43 rod samples (diameter = 0.60 cm, as shown in Figure 3-1). The 



sample surface was hand-polished with emery paper (grit size #300 to #1500) prior to 

surface pretreatment and anodization. 

6.3.1.1 Effect of aodization t h e  

The first set of experiments involved testing the effect of anodiition time on the 

coating performance in the NaCl solution using the ac impedance technique. Figure 6-1 

and Figure 6-2 show a set of Nyquist plots (at the OCP) for the UC-2 coating formed at 

14 rnNcm2, but using a range of anodization times. The difference between these two 

figures is that the coatings in Figure 6-1 were not post-treated, while those in Figure 6-2 

were. Also, for comparison, the data for a bare WE43 rod sample (i-e., hand-polished 

surtace only) in the same NaCl solution is shown in these figures. It is obvious that the 

UC-2 coating substantially improves the resistance of the bare WE43 alloy. These plots 

also indicate that the coating performance is strongly influenced by the anodization time. 

The impedance results in Figure 6- 1 demonstrate that, surprisingly, longer anodizing times 

yield a lower resistance. However, after the UC-2 coatings were post-treated, the 

relationship between the anodization time and the coating resistance changed (Figure 6-2). 

The effect of post-treatment will be discussed in more detail in section 6.3.1.3. 

From section 4.4, it is known that different anodization current densities and times 

will yield coatings with a range of thicknesses and porosity. These impedance data 

therefore, reflect the relationship between coating thicknesses (anodizing times) and their 

corrosion properties. When not post-treated, the thinner UC-2 coatings yield a much 

higher resistance. After post-treatment, the 10 and 15 minute coatings gave the highest 

resistance. In the case of coatings without post-treatment, while the shorter time coatings 

are probably thinner, they may be more compact and less defective, while the longer time 

coatings may be more porous overall. However, post-treatment of the coatings clearly 

changes the coating structure and properties, as shown by the different performance in the 

NaCl solution (Figure 6-2). 
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coating, on hdd-poished WE43 rods ( I 4  ~ c m r ' .  withoul pl). 
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6.3.1.2 Effect of anodiuxfion current density 

The results shown in Figure 6-1 and Figure 6-2 are for coatings formed at an 

anodization current density of 14 mA/cm2. For coatings formed at a higher current 

density of 30 rnA/cm2 and then post-treated, the ac impedance responses are shown in 

Figure 6-3. Comparing these results, the higher anodization current density doubles the 

IS minute mating resistance (200 kR vs. 90 kR), and tripled the 5 minute c o a ~ g  (90 kR 

vs. 25 kR) resistance. As descriied in Chapter 4 similar to the effect of the anodization 

time, increasing the anodization current density tends to thicken the coating. Therefore, a 

higher coating resistance would be expected for coatings formed at higher current density. 

It is noted that the UC-2 coatings formed at these two anodization currents. but yielding 

different coating resistances, do show other similar electrochemical properties in the NaCl 

solution. For example, the initial coating OCPs are in the range of - 1-70 to - 1.80 V vs. 

SCE for both and also. both coatings fail at the same potential of -1 -6 V. 

6.3.1.3 Eflect of post-treatment and polarization potentid 

The impact of post-treatment on the UC-2 coating properties was shown 

previously in Figure 6-1 and Figure 6-2. It is seen that post-treatment does serve to 

increase the f%n resistance. In addition, post-treatment of the UC-2 coating alters the 

relationship between anodization time and the film resistance, and affects the thicker 

coatings more than the thinner ones. For instance, it increases the resistance of the 2 and 

5 minute coatings only marginally, but by almost ten times for the 30 minute coatings. 

Moreover, post-treatment changes the nature of the ac impedance response of the UC-2 

coatings in the NaCl solution (Figure 6-1 vs. Figure 6-2). The Nyquist plots for the 

coatings without post-treatment show an extra small loop in the low frequency range 

(Figure 6-I), while those for the coatings with post-treatment do not (Figure 6-2). 
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Similar to the experiments carried out on the UC-1 coated WE43 rod electrode. 

the ac impedance for the UC-2 coated WE43 rods were also performed as a fbnction of 

applied potentials, at the OCP and at positively polarized potentials. The results showed 

that the UC-2 coatings fded at -1.6 V or -1.5 V vs. SCE, with the development of 

inductive behavior and a very low resistance at low fiepuencies. Also, bubbles and blisters 

could be observed visually on the coating surfaces. This is very similar to the behavior of 

the UC-1 coating in the NaCl solution (see section 5.3). 

The only difference between the WE43 disc and rod samples is their surfilce 

condition and area (see section 3.1.2). The WE43 disc samples were single point 

machined, followed by mechanical polishing on abrasive paper, at AUiedSignaI Inc. The 

surfaces appeared rougher than the rod sample surtaces, which were prepared by hand- 

polishing in our laboratory. The WE43 disc samples were oxide-coated using the UC-2 

procedure and were also post-treated in the same way as for the WE43 rod samples. 

Upon drying in air, these coatings were then tested in the 0.86 M NaCl solution using the 

ac impedance technique, CV and by tracking the OCP change as a function of immersion 

time. 

6.3.2.1 General properties of the UC-2 coating on WE43 disc sample 

Only a 14 rnA/crn2 anodization current density, but various anodization times, were 

used to form the UC-2 coatings on the WE43 disc specimens. As on the WE43 rod 

specimen the UC-2 coatings on the discs also appeared gray and smooth, with the 30 

minute coatings appearing lighter in color, but rougher, than the I5 minute coatings. The 

15 minute coating should be ca. 20 pm in thickness for an anodization current density of 

14 m.A/crnZ, based on information in a published patent [23], but actually it was seen to 

have a thickness of only 10 prn from the cross-sectional SEM analysis [section 4-4-61. It 

can therefore be predicted that the thickness of the 30 minute coating would be ca. 20 pm. 



6.3.2.2 OCP behavior of UC-2 cwting 

The OCP variation of the UC-2 coated disc samples was monitored while 

gathering the ac impedance data Similar to the behavior of the UC-1 coatings in the NaCl 

solution, the OCP values also varied as a function of exposure time. As an example, 

Figure 6 4  (a) and (b) shows the plots of OCP against exposure time for 30 and 15 minute 

coatings (samples MSSOl and MSS03), respectively. It is interesting that the trends 

observed for MSSO l are very similar to those observed for the UC- I coating (Figure 5-6). 

After the initial random fluctuations, the OCP shifts anodically in the first 5 hours of 

immersion, reaching a maximum of ca. -1 -7 V. Then, it moves cathodically, returning to 

the initial OCP value. It then shifts anodically again at a much slower rate until the film 

fails, as seen by visible pits and a noisier OCP. For a presumably thinner UC-2 coating 

formed at 14 mAkrn2 for 15 minutes, the variation of the OCP is shown in Figure 6-4 @) 

(sample MSS03). The initial OCP shift fkom cathodic to more anodic is not seen, perhaps 

due to the different initial OCP values. The 15 minute coating has a relatively anodic 

initial OCP value of ca  -1.65 V, while the 30 minute coating has an initial OCP of -1.85 

V. In fact, these differences in the OCP behavior between thinner and thicker UC-2 

coatings (shorter and longer anodization times) were not observed for the UC-1 coatings. 

Lf the interpretation used to explain the OCP changes for the UC-1 coating can 

also be applied to the UC-2 coatings, the initial OCP shift (fiom negative to positive) 

would be due to the blocking effects of corrosion products inside the pores. This would 

be followed by coating cracking and then by the pit initiation stage (OCP moves 

negatively) and finally coating failure. Pits (as seen by the appearance of black or white 

blisters) developed on all UC-2 coatings within one day of immersion in the NaCl solution. 

For example, the 30 minute coating pitted after one day of exposure, while the 15 minute 

coating pitted in only 14 hours. With the appearance of pits on the surface, bubbles 

generated fiom the corrosion process (i-e., hydrogen evolution) can be observed visually 

as well. As will be discussed later, the coating resistance changed similarly with time as 
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did the OCP, as was also seen for the UC-I coatings. This again implies that the OCP 

behavior could be used as an indication of coating deterioration under these conditions. 

The ac impedance results for the UC-2 coatings on the WE43 disc samples are 

shown in Figure 6-5 and Figure 6-6. These coatings were formed at the same current 

density, but Figure 6-5 is for a 15 minute coating, while Figure 6-6 is for a 30 minute 

coating. In support of the variation of the OCP, the ac impedance results also reveal the 

same trends, i-e., the coating resistance decreases as a hnction of immersion time in the 

NaCl solution, gradually approaching a steady state of ca. 4 kn. 

The fairly rapid change of the OCP values and the coating resistance with time in 

solution suggests that the UC-2 coating may be very porous and/or defective. Also, in 

Chapter 4, it was shown that a barrier film may not exist in the UC-2 coatings. tons 

(including chloride) from the solution may penetrate through the film readily, reducing the 

coating resistance and eventually damaging the coating integrity. Therefore, the UC-2 

coating itself would not be resistive enough against corrosion attack if no fbrther coating 

finishing approaches were employed after anodization. 

Some typical experimental results for the UC-2 coating on WE43 disc samples are 

summarized in Table 6-4. The initial OCP value was measured within the first few 

minutes of immersion in the 0.86 M NaCl solution. The 30 minute coatings yielded a 

somewhat more negative OCP than do the 15 minute coatings and show better corrosion 

protection properties. The film resistance obtained at the initial OCP (see Figure 6-5) is 

ca. LOO kt2 for 30 minute coatings, and ca. 120 W1 for the 15 minute coatings (e-g., 120 k 

R for MSS03 in Figure 6-5, and 300 kR for MSS04). However, the 15 minute coating 

resistance decreases more rapidly than does that of the 30 minute coating in the NaCl 

solution, e.g., after ca. 8 hours of immersion, the former is 5.5 kS2 (Figure 6-S), while the 
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TaMe 6-4 Eqen'mentall r e d s  of UC-2 cmtings on WE43 disc smpples 

latter is c a  25 kR (Figure 6-5). These results indicate that the 15 minute coatings yield 

initially higher coating resistances for short periods of immersion, but that their resistance 

decreases quickly with time in the NaCl solution. However, the thicker 30 minute coating 

resistance, with a lower initial value, decreases more slowly with time in the NaCl 

solution. Therefore, from an overall point of view, the 30 minute coatings exhibit better 

anti-corrosion performance than do the 15 minute ones. Similar to the UC-1 coating, a 

conciusion can be drawn that the 30 minute coatings, not the 15 minute ones (even though 

they may yield a higher initial resistance), resist corrosion or pitting attack better in the 

0.86 M NaCl solution. 

& 

Sample 

MS SO 1 

MSSOZ 

MSS03 

MSS04 

An effort was also made to interpret the ac impedance data of the UC-2 coatings 

on the WE43 disc samples and to fkther understand the corrosion process in the NaCl 

solution. The best-fit circuit for the MSSOl sample (anodized at 14 m.A/cmZ for 30 

minutes) is shown in Table 5- 1 1 (circuit [I) (two parallel R-CPE unit in series with the 

solution resistance). It is of interest that the best-fit equivalent circuit changes with 

immersion time, probably as the coating properties change significantly with time also. 

This was also seen for the UC-1 coatings (section 5.4.7.2) The dependence of the value 

Pitting time 
and resistance 

ca, 23 hr., 12 k 
R 

ca. 17 hr., 1 WZ 

ca. 14 hr., 4 kl2 

ca- 8 hr., 6 kR 

Anodization 
parameten 

14 m N d ,  
30 min, 

14 m ~ d ,  
30 min, 

14 mA/cm2, 
15 min. 

14 mA/cm2, 
15 rnin. 

Coating 
appearance 

light gray 

light gray 

dark gray 

dark gray 

Initial OCP 
(V vs. SCE) 

-1.86 V 

-1.73 V 

-1.65 V 

-1-65 V 
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of each component of the equivalent circuit is displayed in Figure 6-7. The solution 

resistance, R, ranges corn 7 to 23 Q depending on the film immersion time in the NaCl 

solution. Rt and R2 decrease rapidly with time, especially in the first few hours of 

immersion. Then, Rt approaches a very low steady-state value, almost zero, while Rz 

exhibits a profile similar to that of the OCP (Figure 64). Interestingly, the increase of Rz 

and the anodic shift of the OCP occur at similar times, i-e., afier 2 to 5 hours of 

immersion. It is likely that R2 repreknts the coating itsee while RI is related to the 

corrosion process. 

CPEl increases with time in the first hour of immersion, and then decreases until 6 

hours of immersion. A significant increase of CPEl then occurs, gradually stabilizing at ca. 

1000 pF. CPEz basically increases (Figure 6-7 (bottom)) at different rates for different 

times of immersion. It stabilizes at ca. 40 pF after IS hours of immersion and is much 

smaller than CPE*. All of these components, except Rt, change dramatically after 5 hours 

of immersion, the same time as when the OCP began to move sharply in the negative 

direction. After ca. 15 hours of immersion, R1, R2, CPEl and CPE2 reach relatively 

steady-state values, although the OCP keeps moving anodically. As described before, by 

this time, both the ac impedance data and visual observations indicated that pitting had 

already initiated. 

Similar to the discussion for the UC-1 coating (section 5-4-72), (R[CPEl) is 

probably related to the coating/solution interfadal properties, while (R2CPE2) may reflect 

the film properties. By using equation (2-9) of Chapter 2, the film thickness, d, can also 

be obtained and compared with SEM resuits. Using 0.77 an2 surface area, E 9.6, and a 

CPEz value of 1.0 x lo4 F. the coating thickness turned out to be 6.6 nm. As discussed 

for the UC-1 coating, this probably represents the thickness of the intact part of the barrier 

layer. As was observed from SEM microphotographs (Figure 4-7, section 4.4.6). a barrier 

film was not detected for a UC-2 film formed at 14 mNcm2, for 15 minutes. This would 

be consistent with the high capacitance measured when the coating is first immersed in the 

NaCl solution, 
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6.4 Comparison of  UC-1 with UC-2 coatings on WE43 disc samples 

As discussed before, many fkcton can affect the coating properties, such as the 

surface preparation, pretreatment, anodization bath composition, the waveform used 

during anodizing, as well as the post-treatment. As the UC-1 and UC-2 coatings were 

formed on identical WE43 disc specimens using the same overall methods, the difference 

in performance must arise one of these factors. The most likely one would be the bath 

composition, which is expected to affect the film composition, although MgO/Mg(OH)2 

will still be the main film component. For example, silicate and fluoride are likely to be 

part of the UC-I coating, while borate and phosphate could be present in the UC-2 

coating. In this section, the UC-1 coating is compared with the UC-2 coating in terms of 

morphological and structural diierences and their electrochemical performance in the 

NaCl solution. Attempts are made to compare coatings formed using waveform 'by, as 

only this Wit program was used for the UC-2 coating. Based on the discussion in 

Chapters 5 and 6, as well as in section 4.4. the differences are summarized below. 

Visually, the UC-2 coatings have a darker gray color and appear less smooth and 

uniform than do the UC-I coatings. 

The UC-2 coatings are porous and contain cracks, similar to the UC-I coatings, but 

the UC-2 caotings are significantly less porous (Figure 4-2 vs. Figure 4-6). The 

coating porosity is more likely to be afEected by the bath components and less by the 

anodization current density or time. 

The UC-2 coating seems to be generally thinner than the UC-I coatings. It was found 

to be ca. 10 pm in thickness when formed at 14 mA/cm2 for 30 minutes, which is 

thinner than the UC- 1 coating formed under similar conditions (e.g., 12 pm for S S S j ,  

30 rnA/cm2, 5-10 rnin.). 

From the cross-sectional SEM analysis, a thin barrier layer (ca. 1 pm), when formed at 

30 mAkrn2 for 10-30 rnin., essentially free of pores, is seen between the outer porous 



layer and the WE43 substrate for the UC-I coating (Figure 4-3). This barrier layer 

could not be identified in the cross-sections ofthe UC-2 coating (Figure 4-7). As it 

was shown in Chapter 4 that a barrier layer exists in the UC-1 coatings when formed 

by either Type 'a' or 'by waveforms (Table 4-I), the lack of bamer layer, therefore, in 

the UC-2 coating is not due to the use of the Type 'by waveform used, but rather likely 

originates from the bath composition. 

5) The UC-1 coatings usually yield a ca. 10 to 500 times higher resistance in the NaCl 

solution than do the UC-2 coatings, formed and tested under almost the same 

conditions. The superior performance of the UC-1 over UC-2 coating could be 

attributed to the presence of the bamer layer in the UC-1 coating. 

6) Usually, the UC-1 coatings can survive in the 0.86 M NaCl solution for over one 

hundred hours without any signs of pitting, as described in section 5.3. In contrast, 

the UC-2 samples fail easily in the NaCl solution, with an inductor seen in the ac 

impedance data, correlating with the onset of pitting. The UC-1 coating is clearly 

more resistive to pitting than are the UC-2 coatings in the NaCl solution. 

7) The OCP behavior of the UC-2 and UC-1 coatings with time in solution is quite 

similar, as shown in Figure 5-14 and Figure 6 4 .  The maximum in the OCP response 

was usually observed for coatings formed at higher current densities or longer times. 

or using the Type 'a' waveform. Further investigation is required to better understand 

the relationship between the coating performance and the OCP behavior. 

Overall, the UC-I and UC-2 coatings exhibit numerous similarities, despite the fact that 

they were formed using quite difFerent baths. Their similarity arises from the use of the 

same sparking process during anodization, resulting in a very porous coating with cracks. 

However, they do exhibit some significant differences in their performance in the NaCl 

solution. The UC-1 coating is clearly the preferred one for the corrosion protection of the 

WE43 alloy in the aqueous NaCl solutions. 



7. COMPAREON OF UC-1 COATED WE43 WITH ANODIZED AL ALLOYS 

A1 alloys are very commonly used in the aerospace industry, due to their superior 

corrosion resistance and relatively low density. The C355 alloy is one of these A1 alloys 

used in key aircraft components such as engines, transmission systems, etc. Thus, a 

performance comparison of the WE43 alloy with the C355 alloy is very important, since 

the WE43 alloy is under consideration to replace the C355 alloy in some aircraft engine 

components. In practice, neither alloy can be utilized without surface protection 

treatments because of the relatively low corrosion resistance of the bare alloys. One of the 

common surface treatments for the C3SS alloy is anodizing under various conditions, 

followed by sealing and painting prior to sewice. For the WE43 alloy, two anodization 

methods have been developed in this work, as described in the previous chapters, with the 

UC- I coating being superior to the UC-2 coating. In this chapter, the anodized C355 

alloys, therefore, are compared with the UC-1 coated WE43 alloy in terms of their 

corrosion resistance and OCP behavior in both aqueous and he1 media. 

The C355 disc specimens were provided by AUiedSignal Inc., and were anodized 

using two standard methods. One group of C35S samples was anodized using the HC-2 

(hard-coating, as per ES-0725) process, followed by sealing with nickel acetate (Nic).  

The second was anodized in chromic acid (as per ASM 2470) and sealed with sodium 

dichromate (Na~Crfi). It should be mentioned that, prior to anodization, the C355 disc 

specimens had the same shape and surface condition to that of the WE43 disc specimens 

used for the UC- 1 coating method. 

The coating thicknesses of the anodized C355 specimens were 4 pm for the 

chromic acid anodized and 18 pm for the HC-2 anodized (1081. The thickness of the 

HC-2 coating is very close to that of the UC-1 coated WE43 alloy formed at 30 rn~lcrn' 

for 5-20 minutes (see section 4.4), while the thickness of the chromic acid anodized C355 

alloy is much thinner. Another difference between the anodized WE43 and C355 

specimens is that the latter were sealed after anodization. Therefore, it is anticipated that 



the anodized C355 specimens should outpaform the UC-I coated WE43 alloy samples in 

all cases. The comparison experiments were carried out in the aqueous 0.86 M NaCl 

solution first and af'ter various times of exposure to the degraded fuel medium later. 

utilizing the ac impedance technique. Otherwise, all experimental conditions were kept 

exactly the same as before. 

7.1 Electrochemical Properties of Anodized C355 Alloys 

The electrochemical properties of the anodized 6 5 5  alloys were investigated in 

the 0.86 M NaCl solution. Similar to the case for the WE43 disc sample, one face and the 

side of the C35S disc specimens were covered with parafilm", leaving one face (0.77 cm2) 

free to the solution. The ac impedance and OCP data were measured as a ftnction of 

immersion time in the NaCl solution. 

Figure 7-1 shows the OCP behavior of both the HC-2 and chromic coated C355 

alloys with time in solution. The OCP values of both specimens are located between -0.65 

and -0.85 V vs. SCE, approaching -0.70 V after longer immersion times. These two 

samples exhibited somewhat different OCP behavior. The HC-2 anodized C35S sample 

stabilized at an OCP of ca. -0.70 V after only 30 minutes exposure, while the chromic 

anodized C3 55 stabilized first at ca. -0.80 V after one hour of immersion, and then shifted 

gradually to c a  -0.70 V with longer exposure times. These results demonstrate that the 

anodized C355 doys do deteriorate slowly with time in the NaCl solution, probably due 

to solution penetration and/or other alterations in the coating properties. In fact, both 

coatings fded after ca. one month of exposure in the NaCl solution. 

The coating resistance of the anodized C3 55 alloy samples was obtained from the 

low frequency ac impedance data as a hnction of immersion time. Figure 7-1 shows the 

relationship between the coating resistance and the immersion time in the NaCl solution. 

Overall, the chromic anodized C355 exhibits a much higher resistance than does the HC-2 
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anodized, by 30 to 100 times. Most importantly, the chromic anodized C355 alloy 

maintains its high resistance (over 5 UCT) for 240 hours (10 days), before declining with 

time. Although both samples have similar & values initially, the HC-2 anodized C355 

specimen lost most of its resistance in the first hour of immersion, fiom 5 MCl to 60 kQ, 

stabilizing at ca. 100 kir at longer times. 

Comparing the two plots in Figure 7-1, again the variations in the coating 

resistance and the OCP values with time are consistent with each other. The coating 

resistance remains constant when the OCP value is stable. When the coating resistance 

changes, the OCP also shifts, similar to the behavior of the anodized WE43 alloys seen in 

the NaCl solution (Chapters 5 and 6). This confirms again that, for anodized alloy 

specimens, the OCP behavior can be a good indicator of the coating resistance and overall 

corrosion performance. In this case, both the OCP behavior and coating resistance results 

suggest that the chromic acid anodized C355 alloy is more corrosion resistant than the 

HC-2 anodized C355 in the NaCl solution, although the coating thickness of the former is 

only ca  115 of the latter. This is not surprising, as chromate-based materials are well- 

known excellent inhibitors to corrosion. However, chromic-based materials are not 

environmentally acceptable, and an effort has been directed to replace all chromic-based 

processes by environmentally benign, chromate-free processes. Therefore. the 

development of non-chromate anodization processes for both A1 and Mg alloys is a very 

practical goal that is also one of the objectives of this project. 

Consistent with the electmchemical results obtained above, a sait fog test (as per 

ASTM B117 for 336 hours) [108], carried out with anodiied C35S panel samples, also 

showed that the chromic acid anodized C355 alloy exhibited a much higher corrosion 

resistance than did the HC-2 anodized. It did not show any signs of corrosion after 336 

hours of salt fog exposure, while the HC-2 panel corroded in ca. 48 hours of testing. In 

comparison, the bare C355-T6 panel showed signs of corrosion in less than 24 hours of 

salt fog exposure. Obviously. the anodiiation treatment does improve the C355 alloy 



corrosion resistance, and the chromic add anod'ued sample substantially out perf oms the 

HC-2 anodized one. 

7.2 Comparison of Anodized C355 AUoy With Anodized WE43 Alloy in Aqueous 

NaCl Solution 

The behavior of the UC-1 coated WE43 alloy and the anodized C355 alloy in the 

NaCl solution is expected to be distinctly dierent. Not only do they exhibit different 

OCP values and coating resistances, but also they foUow di&?rent patterns with time in 

solution. Figure 7-2 compares the results from Figure 5-6 and Figure 7-1, showing the 

OCP behavior of these samples in the 0.86 M NaCl solution. First, the anodized C355 

alloy exhibits OCP values in the range of -0.40 to -0.85 V (vs. SCE), much more positive 

than the anodized WE43 alloy, which displayed OCPs between -1 -50 V and -1 -90 V (vs. 

SCE). It is known that the OCP is a significant factor influencing the tendency for metals 

and alloys to corrode via galvanic coupling effects. Even after anodization, the Mg alioy 

still exhibits a very negative OCP compared to the anodized A1 alloy and consequently, it 

is likely to be more prone to galvanic corrosion. In addition, the UC-1 coated WE43 alloy 

shows a unique OCP pattern (i-e., a positive peak develops at c a  10 hours), which is not 

observed for the anodized C355 alloys. The only similar phenomenon between them is 

that, in the very early exposure times, the OCPs for all of the anodized samples shifted 

dramatically negatively by ca- 0.2 to 0.3 V, after which they stabilized at ca. - 0.7 V for 

C3SS and -1 -8 V for the WE43 samples. These rapid OCP shifts for these sample are 

probably due to solution penetration or wetting effects, as the coatings were dry before 

immersion in the solution. 

Figure 7-3 compares the coating resistance as a hnction of time in the NaCl 

solution for the UC-I coated WE43 and the anodized C355 alloys. All of the coatings 

deteriorate with exposure time in the NaCl solution in their own ways. At early times, all 

the coating resistances are comparable, of the order of Mil. The chromic anodized C355 

maintains this high coating resistance up to 10 days, while the resistances of the HC-2 



0O:OO 120:OO 240:OO 360:OO 480:OO 

Immersion Time (hr) 

Figure 7-2 OCP vs expostwe time ir, 0.86 M NaCI - a compariso~t of cmodired 
C355 with UC-I coated WE43 alloy. fa) chromic acid anodized 
C3jj: (8) HC-2 mdited C35.5: (c) UC-I coated BE43 (sample 
SS29. 30 m ~ / c r n ~ ,  5-1 20 rnin.) . 



anodiied C355 and UC-1 coated WE43 alloys decrease significantly in the first hour of 

immersion, down to a few hundred kR. Surprisingly, the UC-1 coating exhibits even a 

higher resistance than does the HC-2 coating in the first 40 hours of immersion, indicative 

of the superiority of the UC-1 coated WE43 over the HC-2 coated C355 sample in this 

particular time period. This is attributed to the peak which develops after c a  12 hours of 

immersion (Figure 5-14) for the UC-I coating, interpreted as reflecting a passivation 

effect, perhaps caused by corrosion product blocking. After 40 hours, the HC-2 anodized 

C355 coating resistance was almost constant at 100 kQ while the UC-1 coated WE43 

resistance decreased rapidly and stabilized at c a  8 kl2. Thus, for longer exposure times in 

the NaCl solution, the anodized C355 alloys exhibit superior properties to the UC-I 

coated WE43 alloy, while the chromic acid anodized C355 is the best overall. However, it 

is noted again that the anodiied C355 A1 alloy samples have both had their pores sealed, 

while the UC-1 coated WE43 samples have not. 

In addition to the differences between the anodized C355 and UC- 1 coated WE43 

samples measured by electrochemical techniques, differences in the coating appearance in 

the NaCl solution could also be detected by visual observation. After several days of 

exposure, no change was observed visually on the anodized C355 surface, while the UC-I 

coated WE43 surface had already changed to a dark-gray f?om its initial light-gray. 

perhaps due to solution penetration. Moreover, bubbles due to hydrogen evolution 

(corrosion) were seen on the UC-1 coating surface after c a  50 hours of exposure, but not 

on either of the anodized C355 samples until one month later. AU of these observations 

indicate that the UC-I coated WE43 alloy exhibits a lower corrosion resistance than do 

the anodized C3 5 5 alloys. 

The difference in the electrochemical properties of the oxide-coated WE43 and 

C355 alloys may originate 60m the following factors: (1) Mg is a more active metal than 

Al; (2) Al alloys form a highly protective compact film beneath the porous film, and this 

film can be formed in air. chemically or electrochemically. The bamer film at the Mg alloy 
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sample is dScult to form and may have less compact and resistive properties; (3) These 

anodized M alloys examined in these experiments were sealed after anodition, while no 

hrther treatment was carried out to seal the pores of the UC-1 coated WE43 alloy. As 

mentioned before, the UC-1 coating would be much more resistive to corrosion if it were 

sealed or painted afterwards. Actually, a subsequent phase of this project could involve 

identifying a method to seal the UC-1 coatings to hrther enhance their corrosion 

resistance. 

7.3 Comparison of Anodized WE43 Alloy With Anodized C355 Alloy in the Fuel 

Medium 

As the &el control body is exposed mainly to a hydrocarbon medium, the 

evaluation of the UC-1 coatings in a fuel medium is absolutely necessary. The fuel used in 

practice is a kerosene-based fbel (JP-8) which contains more than 99.5 % of kerosene and 

less than 0.5 % of various additives [109]. The jet fuel may be contaminated by small 

amounts of salt water and can experience high temperature exposure. Although salt water 

contamination has little effect on the pH of the fuel, the &el could become slightly acidic 

due to degradation after elevated temperature exposure [92]. High temperature exposure 

not only produces acids (e-g., suffiric and phosphoric), but also, peroxides, aldehydes and 

ketones may be formed, resulting in a very complex mixture of organics. The acidity of 

the degraded fbel cannot be measured precisely by normal pH measurements, as the water 

content is only in the ppm range. Thus, the total acid number (TAN, mg of a standadg 

fuel), determined by a titration method, has been adopted to express the acidity of the 

degraded fie1 [110]. The TAN for fresh JP-8 is 0.015 mg KOWg fbel, when purchased. 

Jet be1 also contains anti-static agents such as ASA-3 and Stadis 450 [20], exhibiting a 

conductivity of 200 to 600 picobiemendm. 

The fie1 degraded thermally at elevated temperatures was chosen in this work as 

the medium to evaluate the coatings, as it is more aggressive than fresh hel. Although 

anti-static agents and small amount of NaCI was added to the &el, it was still too resistive 



for electrochem*cai experimentation to be &ed out in it. Increasing the fuel 

conductivity fURher would significantly alter the fbel properties, and therefore this was not 

done. For these reasons, the coated alloy samples were tested using the ac impedance 

technique in an aqueous solution after they had been immersed in the degraded &el for 

certain periods of time. The aqueous solution selected for this purpose was the same 0.86 

M NaCl solution as used throughout this work, and therefore the results can be compared 

with those described in the previous chapters. 

Special precautions were taken to clean the samples carefidly before and after they 

were tested in the aqueous NaCl solution. Isooctane and acetone were used to remove 

the degraded fbel residue from the sample surfaces prior to testing in the NaCl solution 

and triply distilled water and acetone were used to remove aqueous solution subsequent to 

each impedance measurement before returning the sample to the &el medium. All test 

tubes used for immersing the coatings in the degraded &el were well sealed to prevent 

evaporation. Each measurement in the NaCl solution took ca. 9 minutes in total. including 

5 minutes of stabilization and 4 minutes for the impedance data collection. Similar to the 

experimental results obtained previously, both the ac impedance data and the OCP values 

were acquired simultaneously and recorded as a function of total time in the degraded fie! 

medium, 

Two specimens, a chromic anodized C355 alloy and a UC-1 coated WE43 alloy 

specimen (sample SS06. 30 rnA/cm2. 10-20 rnin.), were evaluated in the degraded fuel 

medium at room temperature. Although the entire disc sample was immersed in the fuel, 

with both faces and the side exposed, only one face was exposed to the NaCl solution 

during the ac impedance measurements. The other face and the edge of the specimen 

were covered with ~arafilm'~ during these experiments. It should be noted that it was 

always the same face of each disc sample which was exposed to and tested in the 0.86 M 

NaCl solution. Also. the same NaCl solution was used over the two months of testing. 



7.3.1 OCP behavior 

Figure 7 4  shows the OCP behavior of the anodized C355 and UC-1 coated WE43 

specimens. Note that the time given is the total immersion time for the samples in the 

degraded fuel medium, without consideration of the 9 minutes required for each 

measurement in the NaCl solution. For the anodized C355 specimen, the OCPs were 

always between -0.50 to -0.73 V vs. SCE, approaching -0.67 V in the long time 

exposures. For the UC- 1 coated SS06, its OCP fluctuates in the range of - 1 -85 to - 1 -95 

V. Compared to their behavior when exposed only to the NaCl solution (Figure 7-1 vs. 

Figure 7-4), the OCPs for the chromic acid anodized C355 has shifted slightly positively in 

the fbel medium, while the OCPs for the UC-l coating (Figure 5-6 vs. Figure 7-4) moved 

a bit negatively in the fuel medium. In fact, although all of the OCPs were measured in the 

0.86 M NaCl solution, the samples immersed in the NaCl solution at all times (the work 

described in Chapter 5) had a longer time to equilibrate, while the samples immersed in the 

degraded &el had only ca. 5 minutes to equilibrate in the aqueous NaCl solution before 

each measurement. Therefore, it is dithcult to reach any meaningful conclusions by 

comparing the OCP behavior in the two experiments, although as discussed before, the 

OCP behavior with time in solution is a good indication of the coating properties. 

7.3.2 AC impedance results 

The coating resistances were obtained, as previously, from the low frequency ac 

impedance data. The coating resistances of the anodized C355 and a UC-1 coated WE43 

(SS06) specimens in the degraded &el medium are shown in Table 7-1 as a function of 

immersion time. Also shown, for comparison, is the resistance of SS13, another coated 

WE43 sample which had been exposed only to the aqueous NaCl solution. Both coating 

resistances (C355 and SS06) decrease gradually with time in the fuel, although very 

slowly, indicative of a high resistance to deterioration in this medium. The anodized C355 

sample easily survived in the fuel for two months without any signs of corrosion, while it 

corroded readily within one month in the aqueous NaCl environment. Even the UC- 1 

coated WE43 samples can be exposed to the &el for two months without the onset of 
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corrosion. This shows that the degraded &el medium is too miid to corrode the anodized 

C3 55 or the UC- 1 coated WE43 alloy at a reasonable rate and a more aggressive medium 

or conditions would be required to accelerate the corrosion process. Even so, the chromic 

anodized C355 shows the higher resistance, similar to the results obtained in the aqueous 

NaCl solution. 

Some scatter in the data is seen in Table 7-1, for reasons which are not certain yet. 

The lower resistances obtained 60m c a  600 to 1000 hours for both samples, in particular 

for the C355 sample, may reflect coating deterioration (pits) which arises from the 

intermittent exposure to the NaCl tea  solution. However. subsequent exposure to the 

degraded fuel may allow these pits to heal again. Another possibility is that the cleaning 

procedure may not have been sufficient and either he1 or aqueous NaCl may have 

contaminated the sample surface, resulting in errors in later measurements. As these 

experiments were considered to be "first round" results, further experiments would be 

necessary to understand the corrosion process in the he1 medium. 

As a comparison, the results for sample SS13, immersed in the continuously 

aqueous NaCl solution, are also given in Table 7- 1. Both UC- 1 coatings, SS06 and SS 13. 

were formed using same conditions, i.e., anodized at 30 m ~ l c r n ~  for 5 minutes, then 

allowing the current density to decay for another 50 minute (30 rnA/crnf 5-20 minutes 

coating). Sample SS06 showed almost no sign of deterioration in the degraded fuel, even 

after two months, and no change in coating color or pits were observed visually. In 

contrast, sample SS 13 clearly shows degradation with time in the aqueous NaCl solution, 

with the coating resistance decreasing and its appearance turning from light to dark gray. 

Moreover, sample SS 13 filed in ca. 10 days of immersion. This indicates that the NaCl 

solution is much more aggressive and penetrates rapidly into the coating film, resulting in 

relatively rapid corrosion of the coated WE43 sample. 



Table 7-1 The resisimce of var ias  cwtitzgs us a function of time it2 
the degradedfie[ medium. 

time (hr) Chromic acid ( 1 anodized C355 (sample SS06) (sample SS13)' 

Overall, these results show that the UC-1 coated WE43 alloy, which performs 

similarly to the anodized C3 55 alloy, is a very promising material to replace the C3 55 alloy 

in aircraft component applications. Also, its properties would be even more enhanced if 

the proper post-treatment were to be applied after oxide formation by anodization. 

Exposed only to aqueous 0.86 M NaCl at all times. 



8. CONCLUSION AND RECOMMENDED FUTURE= WORK 

8.1 Anoddtion of the WE43 AUoy 

Anoditation of the WE43 alloy surface involves a sparking process, which results 

from the application of a relatively high ddac voltage and current. In this work two 

different anodic films were formed, labeled as the UC-I and UC-2 coatings. Many 

factors have been found to affect the sparking process and the resulting oxide film 

properties, for both the UC-1 and UC-2 coatings. 

(1) The surface preparation method is an important factor affecting the oxide film 

properties, when otherwise identical anodization conditions are utilized. As different 

surface preparation methods will produce surfaces with varying degrees of smoothness 

and reproducibility, this results in oxide films with rather different properties. The AC 

impedance results showed that, the more highly polished the sufiace, the more resistant 

the oxide film formed, and the better the reproducibility. Hand-polished (emely paper) 

surfaces resulted in oxide films with lower resistance and poor reproducibility, while 

alumina and electrochemically polished surfaces yielded the smoothest surfaces, resulting 

in an oxide film with the highest resistance and the best reproducibility. Surfaces prepared 

by single-point machining, followed by mechanical polishing with abrasive paper on a 

wheel as carried out by AlliedSignal Inc. and ultimately used in this thesis. yielded 

reproducible and reasonably smooth surfaces. These surfaces were also considered to be 

more similar to those encountered in practice. 

(2) The properties of the oxide film depend on the anodization bath components. 

It has been found that coatings formed in the UC-1 bath yield higher resistances than those 

formed in the UC-2 bath, when using otherwise similar conditions. As the process 

involves an anodic deposition process, some inorganic species, other than Mg oxide and 

hydroxide, fkom the bath could be deposited into the coating and result in a coating with a 

different composition. In the case of the UC-I coating. silicate and fluoride ions may 

become part of the coating, while borate and phosphate from the UC-2 bath could be 



present. The ac impedance r ed t s  showed that the UC-1 coating yields a 10 to 500 times 

higher resistance than does the UC-2 coating, and is more resistant to pitting. 

(3) The type of ddac waveform applied during anodization may be a crucial factor 

in determining the film properties. A waveform (Type 'a') that allows the current to decay 

for a certain period of time (> 5 min-) seems to produce coatings with fewer pores and 

with some evidence for sealing at the pore base, while the second waveform (Type 'by), in 

which a constant current density (10-30 r n ~ / c m ~ )  is used throughout, yields coatings with 

more open pores. AC impedance data indicated that coatings formed using the Type 'a' 

waveform exhibited a higher resistance to corrosion and pitting than did those formed 

using the Type 'by waveform. It is hypothesized here that the period of current decay 

allows the partial sealing of the pores of the coating towards their base. hence improve 

coating performance in the NaCl solution. SEM analysis also seems to suppon this 

assumption. 

(4) The bath temperature is another factor affecting the anodization process and 

the resulting coating properties. In the formation of both the UC-1 and UC-2 coatings. 

the bath temperature must be controlled at between 8 to 20 "C. Higher temperatures 

would generate an oxide film of lower resistance, due probably to a greater film porosity. 

(5) Post-treatment of the UC-1 coating in solutions of I(H2P04, KF, or NaSi04  

has almost no effect on oxide film properties as measured in the NaCl solution and 

confirmed also by SEM examination. For the UC-2 coating, however. post-treatment 

does increase the film resistance by 5 to 20 times. 

8.2 Characterization o f  UC-I and UC-2 Coatings 

(1) SEM examination indicated that both the UC-1 and UC-2 coating contains 

pores and cracks, with their number and size dependent on the coating formation 

condition. Usually, lower current densities (i-e., 10-15 rnA/cm2) and shorter anodizing 

times (< 10 min.) produce coatings with smaller pore sizes and fewer cracks. The pores 

size ranges tiom 2 pm to 25 pm, depending on the anodization conditions. Higher 



anodization current densities and longer times also tend to thicken the coating and 

influence the coating structure and morphology. It was found in this work that the 

optimum applied current density is 30 nu4/cm2, which produced film with higher resistance 

than at 10-1 5 rnAkm2. SEM analysis revealed that a thicker barrier layer and a thicker 

overall film was formed using higher current densities and longer times. 

(2) SEM cross-sectional analysis of the UC-I coatings revealed that a thin barrier 

layer (S 1 pm in thickness) exists between the substrate and the overlying porous oxide 

film (ca. 10-25 p), similar to the case of anodized A1 alloys. The thickness of the barrier 

and porous layers depends on the anodization current density and time. Higher current 

densities and longer times yield a thicker barrier layer. The barrier layer of the UC-1 

coatings appears to adhere well to the substrate. 

(3) From the SEM analysis, it is seen that the UC-I coating is more porous than is 

the UC-2 coating, when formed under similar conditions of current density, time and using 

the same waveform, although both of them contain cracks. The cross-sectional analysis 

indicated that the UC-I coating consists of two layers. a thia barrier layer adjacent to the 

WE43 substrate and an overlying thicker porous layer, while the UC-2 coating contains 

only one thick, porous layer. 

(4) AC impedance and the tracking of the OCP are very effective and efficient 

techniques for monitoring the coating behavior and deterioration in the NaCl solution. 

The low frequency resistance and the OCP behavior of the UC-I and UC-2 coated WE43 

specimens are both good indicators of the coating performance in the NaCl solution. The 

simulation of the ac impedance data by equivalent circuit fitting is also a useful way to 

follow the coating behavior in the NaCl solution. CV data have been used to understand 

the corrosion mechanism of the UC-1 coating in the NaCl solution. The results obtained 

from ac impedance measurements are also consistent with those obtained €?om the salt fog 

test, carried out by AIliedSignal Inc. 



(5) Based on the information obtained £?om both the electrochemical 

measurements and the SEM examinations, a corrosion mechanism of UC-1 anodized 

WE43 was proposed. As the coatings were air-dried prior to the evaluation in the NaCl 

solution, solution penetration into the oxide fh takes place immediately after it was 

immersed in the solution. This initiates corrosion, primarily at the base of the pores. The 

pores then become partially clogged with corrosion products, resulting in a temporary 

passivation of the coating film and subsequent pressure build-up inside the pores. This 

leads to cracking of the coating, thus accelerating further corrosion. After long times in 

the solution, the coating approaches a steadydate condition, as seen by the OCP and 

corrosion rate values. This corrosion process is also supported by the Hg porosimetry 

results, which confirmed that the samples exposed to the NaCl solution for a few hours 

had smaller accessible pores than the unexposed sample. reflective of the blocking of pores 

by corrosion products. At longer times, Hg porosimetry showed a much higher pores 

area, consistent with film cracking. 

(6) The UC-1 coating is more resistant to corrosion than is the UC-2 coating in the 

0.86 M NaCl solution. The AC impedance data demonstrated that the UC-I coating 

yielded a ca. 10-500 times higher resistance than does the UC-2 coating, formed and 

tested under the same conditions. Also, the UC-I coatings survived in the 0.86 M NaCl 

solution for up to one week or more without pitting, while the UC-2 coatings fded after 

only one day of exposure. The lack of a barrier oxide film in the UC-2 coating may be 

responsible for its poor resistance in the NaCl solution. 

8.3 Comparison of the UC-1 coated WE43 with Anodized C355 Alloys 

( I )  The chromic acid and HC-2 anodized A1 based alloy, C3 55, was employed for 

comparison with the UC-I anodized WE43 dioy. Both types of anodized C355 alloys 

were sealed subsequent to anodization, while the UC-1 coating was not. The coated 

specimens were compared in the 0.86 M NaCl solution, in terms of their coating resistance 

and OCP behavior. The results showed that the chromic acid anodkd C355 yielded the 



highest resistance over the 20 days of immersion, with only a very slow decrease with 

exposure time- However, the resistances of the HC-2 anodized C355 and UC- 1 coated 

WE43 are comparable, with the UC-1 coated WE43 sample exhibiting even a higher 

resistance in the first 40 hours of immersion- 

(2) The OCPs of the anodiied C355 alloys were ca 1 V more positive than were 

those for the UC-1 coating in the NaCl solution. The former were in the range of -0.40 to 

-0.90 V vs. SCE, while the latter exhibited OCPs of -1.50 to -1.90 V. In addition, the 

maximum in the OCP for the UC-1 coatings after ca  12 hours of exposure was not seen 

for the anodiied C355 alloys. The OCPs for all samples reached a steady-state after a 

certain length of immersion time. 

(3) The chromic acid anodized C3 55 and the UC- 1 coated WE43 alloy can survive 

very well in a degraded &el medium, although the former exhibited a higher resistance 

overall. The ac impedance results indicated that both coatings do deteriorate with time in 

the degraded &el, but at a much slower rate than in the aqueous NaCl solution. Neither 

coatings fded in ca. two months of testing, and no indication of corrosion or pitting was 

observed visually. It should be pointed out that the UC-1 coated WE43 alloy could have 

performed even better if it had been sealed after anodization. 

8.4 Recommended Future Work 

To completely finish this research project, there are still many experiments which 

could be carried out, as follows. 

8.4. I Improvement of coating properties 

There is still much room for the brther improvement of the corrosion resistance of 

the UC- 1 coating, primarily by optimizing the anodization current density, time, and also 

voltage/current waveform, and also the bath composition. As the coating is very porous 

and contains cracks, work towards overcoming these problems could be very important. 

Improved sealing of the pores in the coating would hrther restrict the access of solution, 

improving both the corrosion and/or wear resistance. However, the selection of a proper 



sealant should be very carefully done, as a high viscosity sealant could be a problem when 

the &el control body is used in practice. After sealing, fbrther coating steps, such as 

painting, would enhance the coating properties even more. 

8.4.2 FurtIlrering the understanding of the corrosion mechanism ofthe UC-I wide 

coating in NaCI 

A corrosion mechanism for the UC-1 coating in the aqueous N ~ C I  solution was 

proposed in this work. However, this theory still needs to be tested and supported by 

firther experiment results. For example, the origin of the OCP peak and the maximum in 

the resistance at early times of exposure should be investigated further, with the goal being 

to extend this peak to longer times in the NaCl solution. Also, the origin of the film 

cracks developed during exposure to the NaCl solution should be studied hrther. and 

efforts are needed to reduce and prevent film cracking. 

In terms of the ac impedance data, obtained for the coated WE43 alloy in the NaCl 

solution, further work is needed in data interpretation in order to learn more about the 

reaction mechanism and the oxide properties in this study. 

8.4.3 Further tests in the fuel meaum 

The performance of the UC-1 coated WE43 alloy in the ttel medium will 

determine whether it is suitable for use in the fiiel control body in practice. Therefore, a 

fbrther evaluation in the fie1 medium is needed, after the promising results obtained in the 

preliminary study described in this thesis. An increase in corrosive properties of the fuel 

would be helpfbl to accelerate the corrosion process, so that meaningful measurements 

can be made in a shorter time period. A more careful procedure should be found to clean 

the sample before and after the corrosion testing in the aqueous solution, if the present 

methodology continues to be used. The evaluation of the sample directly in the fuel using 

electrochemical techniques should also be pursued. 
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