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Abstract

This research was aimed at developing novel Ni-Al base intermetallic coatings to 

protect commercial Fe-Ni-Cr tube alloys from severe corrosive degradation at high 

temperatures. These alloys are widely used in petrochemical, chemical, and energy 

conversion industries. The coating process and coating evaluation were the two main 

aspects of this investigation.

A two-step coating processing has been successfully developed to in situ apply 

pure and C e02-modified Ni3Al intermetallic coatings onto Fe-Ni-Cr substrates. The 

process consists of the electrodeposition of Ni-Al and Ni-Al-Ce02 composite coatings 

from a Watt’s nickel bath containing A1 and C e02 particles via a cost-effective 

electroplating technique and an annealing treatment of the as-plated coatings. It was 

found that the deposition of A1 particles obeyed a Guglielmi model, and that REO 

particles interfered significantly with the deposition of A1 particles.

The long-term resistance of pure and C e02-modified Ni3Al coatings to cyclic 

oxidation, carburization, coke formation, and metal dusting was evaluated in flowing dry 

air, 2%CH4-H2, and C0-H2-H20  respectively. Due to the high porosity, pure and Ce02- 

dispersed Ni3Al coatings exhibited poor resistance to cyclic oxidation at 850 (C. Ce02 

improved the spallation resistance of the Ni3Al base coatings during cyclic oxidation at 

1050 °C. C e02-dispersed Ni3Al coatings showed better carburization resistance, 

particularly at 1050 °C. Ni3Al-based coatings, Those Ce02-dispersed were susceptible to 

coke formation and metal dusting at 650 °C. Pre-oxidation improved the resistance of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ni3Al-based coatings to coke formation and metal dusting at 650 CC, but the effectiveness 

depended on the integrity of the induced alumina scale. Special attention was paid to 

several aspects of coating degradation. These aspects included microstructure changes, 

degradation mechanisms, coating/substrate interdiffusion, effect of corrosive atmosphere, 

and effect of C e0 2 on coating performance. Advanced analytic technologies— including 

SEM, EDS, EPMA, XH), XPS, and AES— were adopted in this investigtion.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgement

I would first like to thank my advisor, Dr. Weixing Chen, whose profound 

knowledge, wise guidance and continuous encouragement made the completion of my 

doctoral research possible. I will not forget his patience in helping me revise my 

publications and this dissertation. It has been an honor to conduct research under his 

supervision. I also extend my thanks to the committee members—Dr. Prakash C. Patnaik, 

Dr. Jan A. Jung, Dr. Dongyang Li, Dr. Douglas G. Ivey, and Dr. Qi Liu—for carefully 

reviewing my dissertation and providing valuable suggestions.

I am grateful for the assistance from Ms. Tina Barker in scheduling and finishing 

my work on materials characterization using electron microscopy. Special thanks go to 

my group members—Mr. Evan Vokes, Mr. Lilu Zhou, Mr. Jinlong Zhao, Dr. You Wang, 

Dr. Chengbo Xiao, and Dr. Daxiong He—for their kind help during my research.

Finally, I would like to acknowledge financial support from the Natural Sciences 

and Engineering Research Council of Canada (NSERC) and Nova Chemicals Limited.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents

Dedication i

Abstract ii

Acknowledgement iv

List of Tables x

List of Figures xii

List of Abbreviations xxii

1. Introduction and Literature Review 1

1.1 Introduction 2

1.1.1 High-Temperature Corrosion and Protection 2

1.1.2 Surface Coating Systems 2

1.2 Literature Review 5

1.2.1 Electrodeposition of Ni-Al-based Composite Coatings 5

1.2.2 Physical and Mechanical Properties of Ni3Al 18

1.2.3 Oxidation of Ni3Al 20

1.2.4 Carbonaceous Corrosions 34

1.3 Research Objectives 48

1.4 Bibliography 50

2. Electrodeposited Ni -  A1 Composite Coatings with High A1 Content via 

Sediment Co-deposition 62

2.1 Introduction 63

2.2 Experimental 65

2.2.1 Sediment Co-deposition 65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2.2 Volume Fraction of A1 Particles 6 6

2.2.3 Diffusion Treatment 67

2.3 Results and Discussion 67

2.3.1 Morphology of SCD Coatings 67

2.3.2 Effects of Processing Parameters 69

2.3.3 Co-deposition Mechanism 72

2.3.4 Diffusion Treatment 77

2.4 Concluding Remarks 80

2.5 Bibliography 81

3. Reactive Oxide-dispersed M3AI Intermetallic Coatings by Sediment 

Co-deposition 84

3.1 Introduction 85

3.2 Experimental Procedures 8 6

3.2.1 Coating Process 8 6

3.2.2 Characterization 87

3.3 Results 8 8

3.3.1 Ni-Al Composite Coatings 8 8

3.3.2 Ni-Al-REO Composite Coatings 90

3.4 Discussion 100

3.4.1 Interfering Effect 100

3.4.2 Formation of REO-dispersed M 3AI 103

3.5 Concluding Remarks 105

3.6 Bibliography 106

4. Cyclic Oxidation Behavior of Electrodeposited Ni3Al-Ce0 2 -Based Coatings

at 850 °C and 1050 °C 109

4.1 Introduction 110

4.2 Experimental 111

4.2.1 Coating Process 111

4.2.2 Cyclic-oxidation Test 112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2.3 Characterization 113

4.3 Coating Microstructures 113

4.4 Oxidation at 850 °C 116

4.4.1 Oxidation kinetics 116

4.4.2 Morphologies of Oxide Scales 119

4.4.3 Cross-sectional Morphologies of Oxide Scales 121

4.4.4 Cross-sectional Microstructures of Coating Layer 125

4.4.5 Discussion 130

4.4.6 Conclusions 138

4.5 Oxidation at 1050 °C 139

4.5.1 Oxidation Kinetics 139

4.5.2 Morphologies of Oxide Scales 140

4.5.3 Ce0 2  Particles in Coatings and Oxide Scales 151

4.5.4 Cross-sections of Oxidized Coatings 157

4.5.5 Discussion 159

4.5.6 Conclusions 164

4.6 Concluding Remarks 165

4.7 Bibliography 165

5. On The Improvement of Cyclic-oxidation Resistance of Electrodeposited 

Ni-Al-Based Intermetallic Coatings at 850 °C 171

5.1 Introduction 172

5.2 Experimental 173

5.2.1 Sample Preparation 173

5.2.2 Cyclic Oxidation 174

5.2.3 Characterization 174

5.3 Results 175

5.3.1 Coating Microstructures 175

5.3.2 Oxidation Kinetics 178

5.3.3 Cross-sections of Oxide Scales 180

5.4 Discussion 184

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.4.1 Special Annealing 184

5.4.2 Modified Ni-Al Coatings and Thin Films 185

5.5 Concluding Remarks 186

5.6 Bibliography 186

6 . Carburization of Electrodeposited Ni3Al-CeC>2-Based Coatings in 2 %CH4-H2 

Reducing Atmospheres 188

6.1 Introduction 189

6.2 Experimental Procedures 190

6.2.1 Sample Preparation 190

6.2.2 Cyclic-carburization Test 191

6.2.3 Materials Characterization 192

6.3 Results 192

6.3.1 Carburization Kinetics 192

6.3.2 Morphologies of The Uncoated Fe-Ni-Cr Alloy 194

6.3.3 Morphologies of The Pure Ni3 A1 Coating 197

6.3.4 Morphologies of The CeC^-dispersed M 3AI Coatings 204

6.4 Discussion 209

6.4.1 Carburization in 2 %CH4-H2 209

6.4.2 Oxidation of NisAl-Based Coatings in 2 %CH4-H2 211

6.4.3 Coke Formation on NijAl-Based Coatings 212

6.4.4 Effect of Ce02 Particles 213

6 .5 Concluding Remarks 214

6 . 6  Bibliography 218

7. Coke Formation and Metal Dusting of Electroplated Ni3Al-CeC>2-Based 

Coatings in C 0-H 2-H20  222

7.1 Introduction 223

7.2 Experimental Procedures 224

7.2.1 Sample Preparation 224

7.2.2 Metal-dusting Test 225

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7.2.3 Materials Characterization 227

7.3 Results 227

7.3.1 Metal-dusting Kinetics 227

7.3.2 Coating Morphologies 230

7.4 Discussion 267

7.4.1 Un-pre-oxidized Coatings 267

7.4.2 Coatings with Pre-oxidation 275

7.5 Concluding Remarks 278

7.6 Bibliography 280

8 . Concluding Remarks and Future Work 286

8.1 Concluding Remarks 287

8.1.1 The Coating Process 287

8 .1.2 The Coating Evaluation 287

8.2 Future Work 289

8.2.1 Interfering Effect 289

8.2.2 Elimination of Pores 290

8.2.3 Elimination of Ni Particles During Pre-oxidation 290

8.3 Bibliography 290

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables

Chapter 1.

Table 1-1.

Table 1-2. 

Table 1-3.

Table 1-4. 

Table 1-5.

Chapter 2.

Table 2-1. 

Table 2-2. 

Table 2-3.

Chapter 3.

Table 3-1. 

Table 3-2.

Chapter 4.

Table 4-1. 

Table 4-2.

Introduction and Literature Review

The equilibrium partial pressure of various metal oxides at 1200 °K (923 

°C)[17],

A comparison of various coating techniques.

The dependence of the final phase structure in fully annealed Ni-Al 

composite coatings on the A1 content.

Typical physical and mechanical properties of pure Ni3Al compound.

The effect of alloying elements on the oxidation of Ni3Al, adapted from 

[99].

Electrodeposited Ni -  A1 Composite Coatings with High A1 Content 

via Sediment Co-deposition

Watt’s type nickel bath and typical operating conditions.

Conditions of diffusion treatment of Ni-Al particles composite coatings. 

The surface coverage at different particle concentration in bath.

Reactive Oxide-dispersed Ni3Al Intermetallic Coatings by Sediment 

Co-deposition

The composition of plating bath and typical operating conditions.

The phase information of annealed Ni-Al-REO Coatings.

Cyclic Oxidation Behavior of Electrodeposited Ni3Al-Ce0 2 -Based 

Coatings at 850 °C and 1050 °C

Characteristics of the five Ni-Al-Ce0 2  coatings used in the investigation. 

The XRD results for oxidized coatings at 850 °C after the specified time.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4-3. Some mechanical properties of oxides and the coating matrix.

Table 4-4. The XRD analysis of oxide products on oxidized coating samples.

Chapter 5.

Table 5-1.

Chapter 6 .

Table 6-1. 

Table 6-2. 

Table 6-3. 

Table 6-4.

Chapter 7.

Table 7-1. 

Table 7-2.

Table 7-3.

On The Improvement of Cyclic-oxidation Resistance of 

Electrodeposited Ni-Al-Based Intermetallic Coatings at 850 °C

M 3AI base coatings used in the investigation.

Carburization of Electrodeposited Ni3Al-Ce0 2 -Based Coatings in 

2 %CH4-H2 Reducing Atmospheres

N13AI base coatings used in the investigation.

The XRD analysis of the carburization products at 850 °C.

The XRD analysis of the carburization products at 1050 °C.

The dissociation pressures of Cr2C>3 and AI2O3.

Coke Formation and Metal Dusting of Electroplated Ni3Al-Ce0 2 - 

Base Coatings in CO-H2-H2O

Ni3Al base coatings used in the investigation.

The oxygen partial pressures in H2-0 .6 %H2O and the dissociation 

pressures of NiO, Cr2C>3, and AI2O3 at 650 °C and 1100 °C.

The XRD analysis of the coke formed on the testing samples after 500 hr 

exposure.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

Chapter 1.

Figure 1-1. 

Figure 1-2.

Figure 1-3.

Figure 1-4.

Figure 1-5. 

Figure 1-6. 

Figure 1-7. 

Figure 1-8. 

Figure 1-9. 

Figure 1-10,

Figure 1-11. 

Figure 1-12. 

Figure 1-13.

Figure 1-14. 

Figure 1-15. 

Figure 1-16.

Introduction and Literature Review

The relationship between particle content and current density.

The effect of particle loading in plating bath on the particle content in 

composite coatings.

The effect of the cathode position in plating bath on the particle content: 

(a) vertical; (b) horizontal.

The setups of two different electroplating techniques using horizontal 

cathode: (a) Sediment co-deposition; (b) Barrel plating [36],

The five-step mechanism of co-deposition by Celis [78].

The force balance on the particle attached to the cathode [83],

The unit cell ofNi3Al crystal with an ordered LI2 structure.

The standard free energy change of formation of oxides [98].

Typical oxidation mechanisms of metal and alloys.

The effects of temperature and A1 content on the evolution of oxide scale 

on Ni-Al alloys: (a) phase diagram; (b) magnified Ni-rich portion [113]. 

(The shadow area in (a) and (b) represent the critical A1 content to form 

protective AI2O3 scale.)

The oxidation stages of PM M 3AI for the low temperature range [103].

The oxidation stages of PM M 3AI for the high temperature range [103]. 

Arrhenius plot comparing data of parabolic rate constants kp for oxidation

of M 3AI alloys. PM: Power Metallurg, C: Cast, SC: Single crystal, CRA: 

Cast + Rolled + Annealed [103].

The comparison of long-term cyclic oxidation of alloy 800H and alloy 617 

with the NiAl 11 alloy (Ni3Al base alloy) [20].

The thermodynamic stability diagram at 1000 °C for the systems of Cr-O- 

CandSi-O-C [157].

Temperature dependence of cyclic carburization of different alloys in 

CH4-H2 (ac=0.8) [20],

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 1-17.

Figure 1-18.

Chapter 2.

Figure 2-1 

Figure 2-2.

Figure 2-3. 

Figure 2-4.

Figure 2-5. 

Figure 2-6.

Figure 2-7. 

Figure 2-8.

Figure 2-9.

Schematic illustration of metal dusting in iron and low alloy steels: (a) 

surface reaction and carbon transfer; (b) formation of FesC layer; (c) 

nucleation and growth of graphite into FesC; (d) outward diffusion along 

graphite and segregation of Fe atom, which catalyzes the coke formation 

[7,174,178].

Schematic metal dusting mechanism chart for ferritic and austentic 

stainless steels [175],

Electrodeposited Ni -  A1 Composite Coatings with High A1 Content 

via Sediment Co-deposition

Schematic diagram of sediment co-deposition (SCD) setup.

Typical BSE micrographs of SCD Ni-Al composite coating (80 g/1, 

1 0 s/1 2 0 0 s): (a) low magnification; (b) high magnification.

The effect of current density on the A1 content in composite coatings.

The effect of particle loading (or particle concentration) on the volume 

fraction of A1 particles in composite coatings: (a) particle loading; (b) 

particle concentration.

The effect of the ratio of Off/On time on A1 particle content in composite 

coatings.

The A1 particle content in coatings vs the ratio of Off/On time with: (a) 

fixed On time, 1200s; (b) fixed Off time, 10s.

^  °^vs C at different current density. 
a

The morphologies of annealed Ni-Al composite coatings at different 

conditions: (a) 550 °C, 2 hr; (b) 550 °C, 2 hr +670 °C, 2 hr; (c) 550 °C, 2 hr 

+670 °C, 2 hr + 800 °C, 3 hr; (d) 800 °C, 3 hr.

The XRD patterns of annealed Ni-Al composite coatings under four 

different conditions of diffusion treatment.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3.

Figure 3-1. 

Figure 3-2. 

Figure 3-3. 

Figure 3-4. 

Figure 3-5. 

Figure 3-6.

Figure 3-7.

Figure 3-8.

Figure 3-9. 

Figure 3-10. 

Figure 3-11.

Chapter 4.

Figure 4-1.

Reactive Oxide-dispersed N13AI Intermetallic Coatings by Sediment 

Co-deposition

Typical BSE micrographs of Ni-Al binary composite coatings with the 80 

g/1 A1 bath loading: (a) as-plated coating, (b) annealed coating.

The X-ray pattern of the annealed Ni-Al composite coating with the 80 g/1 

A1 bath loading.

The effect of the REO bath loading on the volume fraction of A1 particles 

in Ni-Al-REO composite coatings.

Morphology of Ni-Al-nano CeC>2 composite coatings with 1 g/1 nano Ce0 2 : 

(a) as-plated, (b) annealed.

Morphology of Ni-Al-nano CeC>2 composite coatings with 20 g/1 nano 

CeC>2 : (a) as-plated, (b) annealed.

The X-ray patterns of REO phases in the annealed Ni-Al-REO coatings,

(a) CeAlOs phase in the annealed Ni-Al-nano Ce0 2  coating with 20 g/1 

Ce0 2 . (b) Ce0 2  phase in the annealed Ni-Al-5pm Ce0 2  coating with 10 

g/1 Ce0 2 . (c) Y2O3 phase in the annealed Ni-Al-Y2 0 3  (<lpm) coating with 

10 g/1 Y20 3.

Typical pictures of Ni-Al-5pm Ce0 2  composite coatings with 1 g/1 Ce0 2  

particle loading: (a) as-plated, (b) annealed.

Typical pictures of Ni-Al-5pm Ce0 2  composite coatings with 10 g/1 Ce0 2  

particle loading: (a) as-plated, (b) annealed.

M-AI-Y2O3 (<lpm) coatings with 1 g/1 Y2O3: (a) as-plated, (b) annealed. 

Ni-Al-Y2 0 3  (<lpm) coatings with 1 0  g/1 Y2O3 : (a) as-plated, (b) annealed. 

Ni -Y2O3 (<lpm) binary composite coatings with 40g/l Y2O3.

Cyclic Oxidation Behavior of Electrodeposited Ni3Al-Ce0 2 -Based 

Coatings at 850 °C and 1050 °C

The typical morphologies of annealed Ni-Al and Ni-Al-Ce0 2  composite 

coatings: (a) the pure M 3AI coating (80+0); (b) the 80+5 (5 pm) coating.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4-2. 

Figure 4-3. 

Figure 4-4.

Figure 4-5.

Figure 4-6.

Figure 4-7. 

Figure 4-8. 

Figure 4-9.

Figure 4-10.

Figure 4-11.

Figure 4-12. 

Figure 4-13.

The mass change of Ce0 2 -modified Ni3Al coatings during cyclic 

oxidation at 850 °C: (a) up to 200 hr; (b) up to 1000 hr.

The change of oxidation rate component of Ni3Al-based coatings 

during cyclic oxidation at 850 °C up to 1000 hr.

The surface morphologies of Ni3Al-based coatings after cyclic oxidation 

at 850 °C: (a) 80+0 (pure Ni3Al), 10 hr, 5000x; (b) 80+0 (pure Ni3Al), 

100 hr, 5000x; (c) 80+0 (pure Ni3Al), 500 hr, 1500x; (d) 80+5 (9-15 nm), 

500 hr, 1500x.

The cross-sectional images of coatings oxidized at 850 °C: (a) 80+0 (pure 

Ni3Al), 100 hr; (b) 80+0 (pure Ni3Al), 500 hr; (c) 80+5 (5 pm), 500 hr; (d) 

80+5 (9-15 nm), 500 hr.

The cross-sectional images of coatings oxidized at 850 °C for lOOOhr: (a) 

80+0 (pure Ni3Al); (b) 80+5 (5pm); (c) 80+1 (9-15nm); (d) 80+5 (9- 

15nm).

The cross section of the Ni3Al-based coatings and Fe-Ni-Cr alloy substrate 

after cyclic oxidation for 500hr: (a) 80+0; (b) 80+5 (5pm).

Compositional profile in the pure Ni3Al coating / Fe-Ni-Cr substrate 

system after cyclic oxidation at 850 °C.

The variation of pore density (vol%) with time and the position of 

oxidation zone in Ni3Al based coatings during cyclic oxidation: (a) 80+0 

(pureNi3Al); (b) 80+5 (5 pm); (c) 80+1 (9-15 nm) (d) 80+5 (9-15 nm). 

Schematic illustration showing the formation of oxidized channels in 

porous Ni3Al-based coatings during cyclic oxidation: (a) Initial stage of 

Oxidation; (b) Formation of interconnected oxidized channels.

Pore density (vol%) as a function of normalized distance to the 

coating/matrix interface in various Ni3Al based coatings after cyclic 

oxidation at 850 °C for 500 hr.

The cyclic oxidation results of the pure and the Ce0 2 -dispersed Ni3Al 

coatings after oxidation at 1050 °C for 500 hr.

The surface morphology of the pure Ni3Al coating after oxidation at 1050 

°C for 10 hr: (a) a low-magnification view; (b) a high-magnification view.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4-14. 

Figure 4-15.

Figure 4-16.

Figure 4-17.

Figure 4-18.

Figure 4-19.

Figure 4-20. 

Figure 4-21. 

Figure 4-22.

Figure 4-23.

The surface morphology of the pure Ni3Al coating after oxidation at 1050 

°C for 500 hr: (a) a low-magnification view; (b) a high-magnification view. 

The morphology of AI2O3 scale on the pure Ni3Al coatings after oxidation 

at 1050 °C for 500 hr: (a) the polished cross section; (b) the fracture 

surface (low-magnification view); (c) the scale/coating interface; (d) the 

fractured oxide surface (high-magnification view).

The surface morphology of the 80+1 (9-15 nm) coating after oxidation at 

1050 °C for 10 hr: (a) a low-magnification view; (b) a high-magnification 

view.

The surface morphology of the 80+1 (9-15 nm) coating after oxidation at 

1050 °C for 500 hr: (a) a low-magnification view; (b) a high-magnification 

view.

The morphology of AI2O3 scale on the 80+1 (9-15nm) coatings after 

oxidation at 1050 °C for 500hr: (a) the polished cross section; (b) the 

fracture surface.

The morphology of AI2O3 scale on the 80+5 (5 pm) coatings after 

oxidation at 1050 °C for 500 hr: (a) the polished cross section; (b) the 

fracture surface.

The distribution of CeC>2 particles: (a) in the 80+5 (5 pm) coating (cross- 

sectional view); (b) in the 80+5 (9-15 nm) coating (plain view).

Nano Ce0 2  particles in the 80+5 (9-15 nm) coating after oxidation at 1050 

°C for 500 hr: (a) Secondary electron image; (b) AES spectrum.

The distribution of CeC>2 particles in the oxide scales on the 80+5 (5 pm) 

coating after oxidation at 1050 °C for 500 hr: (a) in the NiAfeC^ spinel 

scale; (b) in the a-Al20 3 scale; (c) the AES spectrums of area 1 and area 2 

in Fig. 4-22 (b); (d) the AES spectrums of line scan along area 1 in Fig. 4- 

2 2  (b).

The cross-section morphologies of Ni3Al base coatings after being 

cyclically oxidized at 1050 °C: (a) the pure Ni3Al coating after 10 hr; (b) 

the pure Ni3Al coating after 20 hr; (c) the pure Ni3Al coating after 500 hr; 

(d) the 80+5 (5 pm) coating after 500 hr.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4-24. The composition profile of A1 in the pure Ni3Al coating, the 80+1 (5 pm) 

coating, and the 80+1 (9-15 nm) coating after being cyclically oxidized at 

1050 °C for 500 hr.

Chapter 5.

Figure 5-1. 

Figure 5-2. 

Figure 5-3.

Figure 5-4.

Figure 5-5. 

Figure 5-6.

Chapter 6 .

Figure 6-1. 

Figure 6-2. 

Figure 6-3.

On The Improvement of Cyclic-oxidation Resistance of 

Electrodeposited Ni-Al-Base Intermetallic Coatings at 850 °C

The cross-sectional morphologies of pure Ni-Al coatings: (a) 80+0; (b) 

80+0-LA.

The cross-sectional morphologies of Ni-Al-oxide particle coatings: (a) 

80+1-nano; (b) 80+10-nano; (d) 8 O+5 -Y2O3.

The cyclic-oxidation behaviors of various Ni-Al-based coatings at 850 °C 

for periods of up to 1 0 0 0  hr: (a) slowly annealed (b) doped with reactive 

oxides; (c) with additional electroplated thin film.

The cross-sectional morphologies of the 80+0-LA coating after cyclic 

oxidation at 850 °C: (a) for 100 hr; (b) for 500 hr; (c) for 1000 hr; (d) the 

80+0 coating for 1 0 0 0  hr.

The cross-sectional morphologies of coatings after cyclic oxidation at 850 

°C for 1000 hr: (a) the 80+10-nano coating; (b) the 8 O+5 -Y2O3 coating.

The cross-sectional morphology of the 80+10-nano/80+0 coating after 

cyclic oxidation at 850 °C for 1000 hr.

Carburization of Electrodeposited Ni3Al-CeC>2-Based Coatings in 

2 %CH4-H2 Reducing Atmospheres

The cyclic-carburization results of the Fe-Ni-Cr alloy and the Ni-Al-based 

coatings for periods up to 500hr: (a) at 850 °C; (b) at 1050 °C.

The cross-sectional morphology of the uncoated Fe-Ni-Cr alloy after 

carburization for 500 hr: (a) at 850 °C; (b) at 1050 °C.

The surface morphology of the pure M3AI coating after carburization at 

850 °C for: (a) 10 hr; (b) 500 hr.
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Figure 6-4.

Figure 6-5. 

Figure 6 -6 .

Figure 6-7.

Figure 6 -8 . 

Figure 6-9. 

Figure 6-10. 

Figure 6-11. 

Figure 6-12.

Chapter 7.

Figure 7-1.

Figure 7-2.

The cross-sectional morphology of the pure Ni3Al coating after 

carburization at 850 °C for 500hr: (a) the coating section; (b) the 

coating/substrate; interface; (c) the AI2O3 scale.

The surface morphologies of the pure N13AI coating after carburization at 

1050 °C for: (a) 10 hr; (b) 100 hr.

The surface morphology of the pure M 3AI coating after carburization at 

1050 °C for 500 hr: (a) the plain view; (b) EDS analysis of the phase by 

the indicated by the arrow in (a).

The cross section of the pure M 3AI coating after carburization at 1050 °C 

for 500 hr: (a) a low-magnification view; (b) the coating/substrate 

interface; (c) the severe oxidation zone.

The typical morphology of the 80+1 (5mm) coating after carburization at 

850 °C for 500 hr: (a) the plain view; (b) the cross sectional view.

The surface morphology of the 80+1 (5mm) coating after carburization at 

1050 °C for: (a) 10 hr; (b) 100 hr; (c) 500 hr.

The cross-section of the 80+1 (5mm) coating after carburization at 1050 

°C for 500 hr: (a) a low-magnification view; (b) a high-magnification view. 

A schematic summary of the cyclic carburization of electrodeposited 

M 3AI base coatings in 2 %CH4-H2 at 850 °C for periods of up to 500 hr.

A schematic summary of the cyclic carburization of electrodeposited 

Ni3Al base coatings in 2 %CH4-H2 at 1050 °C for periods of up to 500 hr.

Coke Formation and Metai Dusting of Electroplated Ni3Al-Ce02- 

Based Coatings in CO-H2-H2O

Cyclic metal dusting behaviors of the Fe-Ni-Cr alloys and Ni3Al-based 

coatings at 650 °C for periods of up to 500 hr: (a) without pre-oxidation;

(b) with pre-oxidation.

The pure Ni3Al coating (80+0) after metal dusting for 50 hr: (a) the 

coating surface; (b) EDS analysis of the filaments cluster in (a); (b) EDS 

analysis of the coating matrix in (a).
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Figure 7-3. 

Figure 7-4.

Figure 7-5.

Figure 7-6.

Figure 7-7. 

Figure 7-8.

Figure 7-9. 

Figure 7-10.

Figure 7-11. 

Figure 7-12. 

Figure 7-13. 

Figure 7-14.

The surface morphology of the pure M 3AI coating (80+0) after metal 

dusting for 2 0 0  hr: (a) at low magnification; (b) at high magnification.

The surface morphology of pure N13AI coating (80+0) after metal dusting 

for 500 hr: (a) the coating surface before the removing of coke; (b) at high 

magnification; (c) pits on the coating surface after the removing of coke; 

(d) EDS analysis of the pit area in (c).

The cross section of the pure N13AI coating after metal dusting: (a) for 200 

hr; (b) for 500 hr; (c) a high-magnification view of the pits in (b); (d) EDS 

analysis of area 1 in (c); (e) EDS analysis of area 3 in (c).

The surface morphology of the 80+5 (5 pm) coating after metal dusting 

for 50hr: (a) a typical coking region; (b) EDS analysis of the area 

indicated in (b).

The surface morphology of the 80+5 (5 pm) coating after metal dusting 

for 500 hr: (a) a low-magnification view; (b) a high-magnification view. 

The surface morphologies (after the removing of coke) of the two 5 pm 

CeCh-dispersed M 3AI coatings after metal dusting for 500 hr: (a) the 80+5 

(5 pm) coating; (b) the 80+1 (5 pm) coating.

The cross section of the 80+5 (5 pm) coating after metal dusting for 500 

hr: (a) at low-magnification; (b) at high-magnification.

The surface morphology of the 80+5 (9-15 nm) coating after metal dusting: 

(a) a low-magnification view after 50 hr; (b) a high-magnification view 

after 50 hr; (c) a low-magnification view after 200 hr; (b) a high- 

magnification view after 2 0 0  hr.

The surface morphology of the 80+5 (5 pm) coating after metal dusting 

for 500 hr: (a) before the scraping of coke; (b) after the scraping of coke. 

The cross section of the 80+5 (9-15 nm) coating after metal dusting for 

2 0 0  hr: (a) a low-magnification view; (b) a high-magnification view.

The cross section of the 80+5 (9-15nm) coating after metal dusting for 500 

hr: (a) a low-magnification view; (b) a high-magnification view.

Surface morphologies of Ni3Al-based coatings after pre-oxidation in H2- 

0 .6 %H2O at 1100 °C for 24 hr: (a) pure M 3AI coating; (b) high-
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Figure 7-15.

Figure 7-16.

Figure 7-17.

Figure 7-18. 

Figure 7-19.

Figure 7-20.

Figure 7-21.

Figure 7-22.

Figure 7-23.

magnification view of the spalled area in (a); (c) the 80+5 (5 pm) coating; 

(d) the 80+1 (5 pm) coating; (e) the 80+5 (9-15 nm) coating; (f) the 80+1 

(9-15 nm) coating.

The XPS analysis of the surfaces of pure NisAl coatings: (a) after pre­

oxidation; (b) after metal dusting for 50 hr. (The strong peak of O Is isn’t 

fully showed in both the figures, and some minor impurities, such as Ca, 

Na, and Si, are not labeled in both figures.)

The cross-section view of the pure N13AI coating after pre-oxidation at 

1100 °C in H2-0 .6 %H2O for 24 hr: (a) the cross section of coating, (b) the 

oxide layer induced by the pretreatment.

The surface morphology of the pre-oxidized pure M 3 A I  coating after 

metal dusting for 50 hr: (a) the low-magnification view; (b) the high- 

magnification view showing the formation of catalytic coke.

The coke on the pre-oxidized pure N13AI coating after metal dusting for 

2 0 0  hr: (a) the low-magnification view; (b) the high-magnification view. 

The surface morphology of the pre-oxidized pure M 3 A I  coating after 

metal dusting for 500 hr: (a) the massive coke on the coating surface; (b) 

the high-magnification view of the coke.

The surface morphology of the pre-oxidized pure Ni3Al coating after 

metal dusting for 500 hr (after the scraping of coke): (a) the severe pitting 

on the coating surface; (b) the EDS analysis of the pitting area.

The cross section of the pre-oxidized pure M 3AI coating after metal 

dusting for 2 0 0  hr: (a) the low-magnification view; (b) the high- 

magnification view of a typical pit.

The cross section of the pre-oxidized pure N13AI coating after metal 

dusting for 500 hr: (a) the low-magnification view; (b) the high- 

magnification view of a typical pit; (c) the pit/the coating matrix interface 

in (b); (d) the view of the area without pitting.

The surface morphologies of the pre-oxidized 5 pm CeC^-dispersed N13AI 

coatings after metal dusting for 500 hr: (a) the 80+5 (5 pm) coating; (b)
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Figure 7-24. 

Figure 7-25.

Figure 7-26.

Figure 7-27. 

Figure 7-28.

the 80+5 (5 jam) coating after the removing of coke; (c) the 80+1 (5 pm) 

coating; (d) the 80+1 (5 (am) coating after the coke deposits were scraped. 

The cross section of the pre-oxidized 80+5 (5 pm) coating after metal 

dusting for 500 hr: (a) at low magnification; (b) at high magnification.

The surface morphology of the pre-oxidized 80+5 (9-15 nm) coating after 

metal dusting for 2 0 0 hr: (a) at low magnification; (b) at high 

magnification.

The surface morphologies of pre-oxidized nano CeCh-dispersed M 3AI 

coatings after metal dusting for 500 hr: (a) the 80+5 (9-15 nm) coating; (b) 

the 80+5 (9-15 nm) coating after the removing of coke; (c) the 80+1 (9-15 

nm) coating; (d) the 80+1 (9-15 nm) coating after the removing of coke. 

The cross section of the pre-oxidized 80+5 (9-15 nm) coating after metal 

dusting for 500 hr: (a) at low magnification; (b) at high magnification. 

Backscattered Electron Micrographs showing the cross-sectional 

morphologies of the CeC>2-dispersed M 3AI coatings: (a) the 80+1 (5 pm) 

coating; (b) the 80+5 (5 pm) coating, (c) the 80+1 (9-15 nm) coating; (d) 

the 80+5 (9-15 nm) coating.
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1.1 Introduction
1.1.1 High-temperature Corrosion and Protection

Fe-based or Ni-based chromia-forming tube alloys have been used widely in 

modem metallurgical, petrochemical, and energy conversion industries, where high 

temperature degradations such as oxidization, carburization, and metal dusting have 

become more challenging due to a demand for higher operating temperatures. The 

resultant oxidation and carburization cause either a direct waste of the metals or a severe 

deterioration of their properties [1-7]. A typical example of such high temperature 

degradation is the case of cracking tubes used in ethylene production furnaces. 

Unavoidable coke formation and carburization are the main causes of premature failure 

of Fe-Cr-Ni tubes. Due to these two factors, normal operation must be interrupted every 

20-60 days, and a decoking process involving oxidizing atmospheres is used to remove 

the coke [2], The ethylene industry was estimated to lose $2 billion in production 

annually due to this periodic interruption [8 ],

To control high-temperature corrosion, one may use alloys with more Ni and Cr 

[4, 9, 10] or alloys containing A1 or Si [4, 7, 10]. An increase of Cr content facilitates the 

formation of Cr2(>3 scale. However, Cr2C>3 is unstable above 1050 °C [3, 5, 6 , 11, 12], 

Alloying with large amounts of Ni and Cr is also prohibited due to cost of materials. 

Addition of A1 or Si can improve the oxidation and carburization resistance of the alloys 

by forming AI2O3 or SiC>2 scale beneath Cr2 0 3 . Unfortunately, addition of more than 

2wt% A1 or Si reduces the ductility and weldability of alloys [10], yet a minimum of 

4wt% of A1 or Si is required to form a continuous external protective scale [1,6, 13], An 

alternative solution is to apply surface coatings on alloys. Surface coatings act as barriers 

to oxidation and carburization attacks, while base alloys retain excellent mechanical 

properties. Under the circumstances, the low-grade tube alloys can still be used. Surface 

coatings have attracted great attention, and have frequently proven to be effective in 

resisting the problems of oxidation, carburization, and other high-temperature corrosions 

[10, 14-16].

1.1.2 Surface Coating Systems
2
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1.1.2.1 Coating Materials

Chromia, silica or alumina-forming alloys are suitable coating materials for high- 

temperature protection. Of these, alumina-forming alloys have received most attention. 

One advantage o f AI2O3 scale is that it can be formed at extremely low oxygen partial 

pressure, 10' 37 atm, as shown in Table 1 [17] (most petrochemical environments have a 

typical oxygen partial pressure ranging from 10‘25 to 10‘30 atm). Unlike Cr203, AI2O3 is 

thermodynamically stable up to its melting point, 2327 °K, without significant 

evaporation [17, 18].

Table 1-1. The equilibrium partial pressure of various metal oxides at 1200 °K (923 

°C) [17].

Oxide log Po2! Po2

2/3 AI2O3 -37.6

2/3Cr20 3 -24.0

2NiO -11.5

l/2Fe30 4 -15.9

2/3Fe20 3 -7.4

Of the many conventional coating systems, Al-Si, Al-Cr-Si, or Cr-Si metallic 

coatings formed by diffusion or chemical vapor deposition (CVD) and physical vapor 

deposition (PVD) have superior oxidation and carburization resistances [10, 14-16, 19], 

The current trend is to develop N13AI or NiAl intermetallics as the novel protective 

coatings. The limited research conducted has shown that these aluminides have superior 

resistance to oxidation and carburization [17, 20, 21]. The excellent oxidation and 

carburization performances of Al-Si and Al-Cr-Si coatings relates to the formation of Ni­

Al intermetallic phases.

1.1.2.2 Coating Technology

Current methods of producing aluminide coatings include diffusion, physical 

vapor deposition (PVD), chemical vapor deposition (CVD), and thermal spray. 

Characteristics of these coating methods are summarized in Table 1-2. Diffusion (e.g.,

3
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pack cementation) is a traditional coating process. Aluminizing a nickel or iron-based 

alloy is the simplest way to prepare Ni-Al or Fe-Al intermetallic coatings [22-24]. 

However, this process changes the surface composition and mechanical properties of the 

substrate. Consequently, diffusion aluminide coatings have inherent brittleness and poor 

thermal stability. PVD and CVD can apply dense layers with different compositions and 

properties on substrates without modifying the composition of those substrates. The main 

obstacle to PVD and CVD is the high cost caused by the use of expensive instruments 

and the complex processes involved. Thermal spray can deposit any material capable of 

melting without decomposing, and can produce exceptionally thick coatings. However, 

porosities of 2-20%, is common in thermal spray coatings. This, plus the undesirable 

oxide network and the poor bonding strength, limits their application [25].

Table 1-2. A comparison of various coating techniques.

Temperature Porosity Bonding Cost Rate

Diffusion
E: <1100 °C 

S: <1100 °C
Low Excellent Medium L o r M

PVD
E: <1000°C 

S: <200°C
Free Good High

L or M

CVD
E: <1000 °C 

S: <200 °C
Free Good High L or M

Thermal spray
E: 2000-30000°C 

S: 50-160 °C

High,

2~20vol%
Good Medium VH

Electro­

deposition

E: <100 °C 

S: <100 °C
Free Poor Low M or H

E: environment; S: substrate; M: medium; L: low; H: high; VH: very high.

The current trend is to use conventional electrodeposition (CED) to prepare nickel 

aluminide coatings. This is a two-step process consisting of (1) the electrodeposition of 

metal matrix (e.g., Ni) / metal particles (e.g., Al) composites, and (2) diffusion treatment 

to form alloy coatings containing Ni-Al intermetallic phases. The CED technique is low- 

cost compared to other coating techniques. Other advantages are that it can be conducted

4
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at room temperature and on large surface areas. It is especially useful when coating 

metallic components that have complex shapes and variable dimensions.

This investigation focused on developing NisAl-based high-temperature coatings, 

using the cost-effective electrodeposition technique, that are to be applied to commercial 

Fe-Ni-Cr tube alloys for preventing oxidation and carburization in typical ethylene 

production environments. In the next section, the literature pertinent to this investigation 

will be reviewed.

1.2 Literature Review
1.2.1 Electrodeposition of Ni-Al-Based Composite Coatings
1.2.1.1 Electrodeposited Composite Coatings

Electrodeposition is widely used to deposit Ni, Cr, Zn, and Cu onto various 

substrates for the purpose of decoration, wear resistance, and corrosion resistance. The 

basic principle underlying co-deposition of metal matrix / particle composites is similar 

to that of conventional electrodeposition. The main difference is that particles are added 

and suspended in plating solution by agitation. During deposition, particles first are 

transferred to the cathode surface under agitation. The interaction results in the 

entrapment of particles in the cathode surface. The electro-co-deposition is initially 

developed to produce metal matrix / ceramic particles composite coatings. A dispersion 

of hard ceramic particles, such as SiC, WC, TiC>2, AI2O3, SiC>2, and diamond, can 

strengthen metallic coatings through enhanced resistance to wear [26-29]. Solid lubricant 

particles such as PTFE and graphite are also employed to produce self-lubricated 

composite coatings [28, 30, 31].

Electrodeposition of metal matrix / metal particle composites (EMMC) was 

attempted as early as the 1960’s [32]. In 1972, Bazzard et al. [32, 33] studied the 

feasibility of depositing Ni-Cr particle composite coatings from a nickel sulfamate bath, 

and reported that Ni-Cr alloys can be formed after annealing the composites at 

temperatures between 800 °C and 1050 °C. Cameron et al. [34, 35] electrodeposited Co-

5
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Cr3C2 particle composites in 1979. Their results showed that a pre-heat treatment at 1000 

°C in argon could form a Co-Cr alloy. Foster et al. [36], Honey et al. [37], and Saremi et 

al. [38] successfully applied Ni (or Co)-CrAlY particle composites onto gas turbines, 

forming MCrAlY-type high-temperature coatings. Systems such as Ni-Zr and Ni-Ti were 

also explored [39-41]. Recently, Zhang et al. [42] reported Ni-nano Cr particle composite 

films.

In recent years, Ni-Al particle systems have emerged as one of the most popular 

EMMCs. Izaki et al. [43] were the first to conducted the co-deposition of Ni-Al 

composites from a Watt’s type nickel bath with 9pm Al particles suspended. Composites 

with 5~23mol% Al were obtained. After annealing treatment at 800 °C for 3 hr in 

vacuum, Ni-Al alloy films containing y -Ni3Al intermetallic phases were formed. Susan et 

al. [44, 45] and Barmak et al. [46] reported Ni-Al composite coatings with as much as 

20vol% of Al particles from a nickel sulphamate bath. The heat treatment at 825 °C for 3 

hr in a vacuum yielded a two-phase, y-Ni + y -Ni3Al, alloy coating [45]. Recently, 

Naploszek-Bilnik et al. [47, 48] produced Ni-Al and Ni-Al-Ti composites containing 4- 

44wt% Al particles. Ni-28wt% nano Al composite coatings were also obtained by Zhou 

et al. [49].

1.2.1.2 Formation of Ni-Al Intermetallic Coatings

Ni-Al alloy coatings result from a diffusion reaction between Al particles and a Ni 

matrix during annealing treatment [43, 45, 47], The phase development depends strongly 

on annealing temperature and time. Susan [45] summarized that most Al particles in Ni- 

Al coatings remained unreacted at low annealing temperatures (400-450 °C) for a short 

time. If annealing time was increased, Al-rich intermetallic phases such as NiAl3, M 2AI3, 

and NiAl occurred. At temperatures of 500-530 °C, the NiAl phase dominated. Above 

600 °C, the diffusion reaction became rapid. The final phase structure after full annealing, 

however, is controlled by the Al content in Ni-Al coatings [43]. Table 1-3 provides the 

dependence of the final phase structure on the Al content based on the equilibrium Ni-Al 

binary diagram at 300 °K [43, 50]. According to Table 1-3, to obtain alloy coatings 

containing intermetallic phases, the Al content must be no less than 10at% (14.5vol%).

6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Recent studies have shown that electrodeposited Ni-Al coatings with low Al content have 

satisfied long-term oxidation resistance at temperatures below 900 °C [43, 51, 52]. 

However, to achieve a high oxidation resistance above 900 °C, higher Al content is 

required to form single-phase y -Ni3Al or (3-NiAl intermetallic coatings. Consequently, 

deposition variables should be optimized to yield as many Al particles in the coating as 

possible.

Table 1-3. The dependence of the final phase structure in fully annealed Ni-Al 
composite coatings on the Al content.______ ___________________ ________________

< 1 0 at% 1 0 ~2 2 at% 22-28at%

Al content (14.5vol%) (14.5~30vol%) (30~37vol%)

Phase y-Ni y-Ni + y -Ni3Al y -Ni3 Al

1.2.1.3 Factors Affecting Particle Content

(a) Current Density

Current density—a critical parameter in electroplating—may have an influence on 

the deposition efficiency or the deposition of metal coating. The latter is generally 

proportional to the current density. The effect of current density on particle deposition, 

however, depends strongly on the nature of the particles in question [53, 54]. Three 

typical relationships between particle content and current density have been identified 

thus (Fig. 1-1).

The relationship designated Type 1 is commonly observed in CU-AI2O3 [54-57], 

Cu-Si02 [58], Ni-Al20 3 [46, 59], Co-Ni-Al20 3 [60], and Zn-polystyrene [30], The 

amount of co-deposited particles reaches a maximum value at low current densities, 

typically 10-20 mA/cm2, and decreases with a further increase o f current density. The 

Type 3 relationship has multiple peaks of particle incorporation with current density, 

manifested in Ni-SiC [54] and Co-Cr3C2 [53]. Type 2 describes a monotonic dependence 

of particle content on current density. This characteristic has been reported in conducting
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particle systems such as Ni-Cr [32], Ni-CrAlY [36], Ni-Al [44,46-48], Ni-Ti [47, 48] and 

Cr-graphite [61], and inert particle systems like Cu-P [62] and Ni-WC [63],

f
8
O
o

Type 1

-  Type 2

£
Type 3

Current Density

Figure 1-1. The relationship between particle content and current density.

However, the three typical relationships outlined above may not be general, for 

many results are inconsistent with the generalization shown in Fig. 1-1. For example, 

Muller [64] reported that the deposition of SiC particles in ZnNi-SiC system is consistent 

with the Type 1 relationship but not Type 2. A recent studies reported that Al particle 

content and Ti particle content in composites increased with current density [47], which 

differed from observations where the metal particle content was insensitive to current 

density [32, 36, 44, 46]. Despite its complexity, current density should be selected with a 

combined consideration of the deposition efficiency and the particle content. Current 

density too high or too low should be avoided.

(b) Particle Loading

Particle loading is the dominant factor affecting the particle content in the 

composite coatings. The relationship between the particle content and the particle loading 

resembles the well-know Langmuir isothermal adsorption curve [65]. According to Fig. 

1 -2 , the particle content in the composite coatings rapidly increases with the particle

8
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loading in the plating bath at the initial stage, but levels off with a further increase o f the 

particle content. This behavior has been consistently observed in various particle systems, 

regardless of the particle nature [26, 29, 30, 34, 36, 44-47, 55, 60].

c
42c
8
42o
+ 3

re
Qu

Particle loading

Figure 1-2. The effect of particle loading in plating bath on the particle 
content in composite coatings.

(c) Agitation

Many agitation methods have been proposed. These include plating pumping [55], 

air bubble pumping [34, 6 6 ], vibratory agitation [67], rotating disc electrode (RDE) [26], 

rotating cylinder electrode (RCE) [30, 57], magnetic agitation [26, 6 8 ], and mechanical 

stirring [44-46]. The functions of agitation are to suspend particles homogeneously in a 

plating bath, avoid the agglomeration of particles and transport particles to the cathode 

surface [69]. A number of researchers [26, 30, 60, 63, 70-73] found that the particle 

content would reach a maximum and decrease value as the agitation rate was raised 

continuously. Violent agitation eventually led to a decrease of particle content by 

sweeping particles away from the cathode surface. The optimum agitation rate will, 

however, depend on the individual agitation method and the resultant flow condition.

(d) Surfactant
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Although oxides, carbides, graphite, metals, and polymers have been co­

deposited, the particle content is very low (l-10vol%) [57] if  the plating bath is free of 

surfactants. The carbides, the graphite, and the polymers are hydrophobic. The 

susceptibility to agglomeration and sediment in the plating bath significantly reduces the 

co-deposition of particles. Addition of surfactants can improve the stability of the 

suspension of particles in a bath, and thus the amount of co-deposited particles. It was 

reported that as high as 70vol% PTFE particles could be deposited in Ni-PTFE 

composites with an addition of cationic and nonionic surfactants [69]. Up to 50vol% of 

SiC and diamond particles were obtained with the aid of similar surfactants [69]. Metal 

particles and their oxides, however, are hydrophilic in an aqueous solution. The 

developed hydration force makes it difficult for particles to approach the electrodes. 

Cationic surfactants such as cetyltrimethyl ammonium hydrogen sulfate (CTAHS) and 

cetylpyridinium chloride (CPC), or anionic surfactants like sodium dodecyl sulphate 

(SDS), are always used to modify surfaces of these particles and to promote co­

deposition. It has been reported that AI2O3 content in M-AI2O3 composite coatings 

deposited with surfactants can be 5 times higher than that without surfactants [69]. 

Surfactants can also act as wetting agents and provide particles with the same surface 

charge. A repulsive force among the charged particles is helpful to disperse particles in 

the bath, especially for nano particles [74]. Cationic surfactants can develop a positive 

surface charge on the particles, which are attracted by the negatively charged cathode.

However, surfactants should be used with caution. Excessive surfactants can 

reduce cathode efficiency, and lead to brittle and stressed deposits due to the trapping of 

residual surfactants in the composites [69, 75]. In practice, the amount of surfactants 

should be kept at a very low level, e.g., less than 0.5g/l.

(e) Cathode Position

As shown in Fig. 1-3 (a), for conventional electrodeposition (CED), the cathode is 

always positioned vertically. Shielding by previously-adsorbed particles, which may 

prevent other particles from entering the gap among adsorbed particles, is one disvantage 

of a vertical cathode. The particle content with the CED technique has an upper limit of
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30vol% [36]. Susan [45] had reported that only 20vol% Al particle content could be 

achieved even with an Al particle loading of as high as 400 g/L.

(a) •  •*
%

* • • •
( b )  v  %  •

Cathode

Figure 1-3. The effect of the cathode position in plating bath on the particle 
content: (a) vertical; (b) horizontal.

The optimal way to enhance the entrapment of particles is to employ a horizontal 

cathode, as shown in Fig. 1-3 (b). Particles can settle on the cathode surface more easily 

owing to the gravity. This can minimize the shielding effect and allow more particles to 

be incorporated. Based on this principle, two related processes—the sediment co­

deposition (SCD) and the barrel plating—have been developed (Fig. 1-4 (a) and (b) 

respectively).

-Anode

Cathode

Anode Plating solution Anode
+ particles

o o o
o*~

o o o
■Particle

Cathode

o o

(a) (b)

Figure 1-4. The setups of two different electroplating techniques using 
horizontal cathode: (a) Sediment co-deposition; (b) Barrel plating [36].
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In the sediment co-deposition (Fig. 1-4 (a)), the cathode is set horizontally 

beneath the anode. Periodic stirring keeps particles suspended in the bath or attached to 

sediment on the cathode. A maximum of 50vol% particle content was obtained for Ni- 

graphite [76] and M-WS2 [77], and 45vol% for Ni-MoS2 [77] via SCD with a particle 

loading of less than 50g/l. Recent work by Naploszek-Bilnik et al. [47, 48] resulted in Ni- 

Ti and Ni-Al composite coatings containing maximum 6 8 wt% Ti particle and 44wt% Al 

particle respectively.

Foster et al. [36] and Honey et al. [37] had proposed a barrel plating technique to 

co-deposit Ni-CrAlY composite coatings. The cathode and particles are held in a semi- 

permeable membrane barrel (Fig. 1-4 (b) [36]), through which only current and plating 

solution can pass. The cathode and the barrel rotate at the same rate. Particles stay 

suspended in the bath, but do settle on the cathode due to barrel rotation. As a result, 

particles can be utilized with little wastage, something not possible for other plating 

processes. A bath loading as low as 10 g/L can result in maximum particle content of 

40vol% in the composite coatings [36, 37]. However, because it requires special 

equipment and processes, barrel plating is more complex than sediment co-deposition.

1.2.1.4 Co-deposition Mechanism

In 1968, Saifullin et al. [69] proposed the first mechanical-entrapment model to 

predict the particle content. It was assumed that particles were delivered to the cathode 

surface by agitation and mechanically entrapped by the metal matrix coating. This model, 

however, was criticized because the entrapment of particles was more likely to be an 

electrophoretic or electrochemical step [55, 65, 69, 78, 79]. Bazzard et al. [32] gave a 

simple mathematical expression for the co-deposition of Cr particles in a Ni matrix. They 

believe that only those particles with a sufficiently low velocity and enough “residence” 

time on the cathode could be incorporated in a Ni matrix after colliding with the cathode 

under agitation. This model has not been found to be an effective tool to predict the 

particle content, as it omitted important parameters such as pH, temperature and bath 

compositions [78].
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(a) Guglielmi Model

In 1972, Guglielmi [65] built a two-step adsorption mathematical model. The 

similarity between the relationship of the particle content to the particle loading and the 

Langmuir isothermal adsorption curve (Fig. 1-3) led Guglielmi to propose two adsorption 

steps, loose adsorption and strong adsorption, through which particles could be 

incorporated in the coatings. Particles covered by ions and solvent molecules firstly 

approached the cathode surface, and then became loosely adsorbed by the cathode with 

relatively high surface coverage. This was a physical or electrophoretic step. The second 

step had an electrochemical characteristic. Thin layers of ions and molecules on particles 

were removed under the electrical field. Particles were then strongly adsorbed by the 

cathode. Guglielmi [65] mathematically expressed the model as following:

where a is the volume percent o f particle in coating, C the volume percent of particle in bath,

constant, p m the density o f deposited metal, u0andB the constants related to the particle 

deposition, i0 and A the constants related to the metal deposition, K  the adsorption coefficient, 

i the current density, o the loose adsorption coverage, and 6 the strong adsorption coverage 

which can be equal to a  . This model provides a direct link between the particle content 

and the particle concentration and current density in the bath. The Guglielmi model has 

been verified in various composite systems where particle content has a monotone 

dependence on current density, including CU-AI2O3 [55], Ni-TiC>2 [65], Ni-SiC [29, 65, 

80], Cr-C [61], Ag-Al20 3 [70], Cu-SiC [69], Cu-P [62], andNi-PTFE [81],

A disadvantage of this model is that, because the constants such as K , v 0,

andB / A  must be predetermined by fitting experiment results, it cannot predict the 

particle content for a specific composite system. Another limit is that it cannot explain 

Type 1 and Type 3 relationships (Fig. 1-1). It also cannot clearly show how agitation, pH, 

temperature, and bath constituents affect particle content. In spite of these limitations,

«  nFPmV 0
(1-1)

cr = (1-2)

M  the atomic weight of deposited metal, n the valence of deposited metal, F  the Faraday’s
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this model firstly provides a direct view into the complicated co-deposition of the 

particles and thus becomes the theoretical basis for the development of new co-deposition 

models.

(b) Celis Model

Celis et al. [78] modified the Guglielmi model and proposed a five-step 

mechanism of co-deposition. As shown in Fig. 1-5, particles firstly adsorb metal ions in 

the plating bath. Particles are then moved towards the hydrodynamic boundary layer by 

forced convection. In the third step, particles diffuse through the diffusion layer and 

approach the cathode surface. The last two steps are similar to the Guglielmi model, loose 

adsorption and strong adsorption. One assumption of this model is that a certain amount 

of adsorbed ions on the particle surface must be reduced at the cathode for the strong 

adsorption step to occur.

Cathode

Metal Coating 5

Diffusion layer

Hydrodynamic

boundary layer

Adsorption + Reduction

3 Diffusion

2 Convection

Ions

Figure 1-5. The five-step mechanism of co-deposition by Celis [78].
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This model—  which takes into account current density and particle bath loading 

as well as agitation, particle size, bath constituents, and hydrodynamic condition—results 

in a mathematical formula [78]:

where w is the weight percent ofparticle in composite coating; Wp is the weight of one particle;

M mis the atomic weight o f deposited metal, nthe valence of deposited metal, ithe current

density, and F Faraday’s constant; P is the co-deposition chance of a particle, P(kIK l} the

probability o f at least K out of K adsorbed ions to be reduced; H  is the agitation factor, H  = 1 

under laminar flow, 0 < H  < 1 under transition flow, and H  = 0 under turbulent flow; N  is

the number of particles passing through the diffusion layer per unit time and area, N m the 

number of ions crossing the diffusion layer per unit time and area; C* and C* are the number 

of particles and the number of ions in the bath, respectively; itr is the transition current density 

from charge transfer to concentration overvoltage control, a  = 0  under charge transfer control 

and a  ^  0  under concentration overvoltage control.

The application of the Celis model to the co-deposition of CU-AI2O3 and Au- 

AI2O3 with the rotating disc electrode (RDE) has been successful [55, 78]. According to 

the model, Type 1 behavior in Q 1-AI2O3 can be well explained. When current density, i , 

is less than the transition current density, itr, the co-deposition of particles is under the 

charge-transfer overvoltage control, and the reduction of adsorbed ions is the rate- 

limiting step. The particle content thus increases with increasing current density. If i > itr,

the co-deposition of particles is under the control of concentration overvoltage. The 

diffusion of ions becomes rate-determined. Because adsorbed ions diffuse more slowly 

than free ions, a further increase o f current density leads to decreased particle

w(%) =
WpN pP

xlOO (1-3)
M J

+ W N Pp pmF

P  = HP,
( k  f  K J ) (1-4)

(1-5)
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incorporation in the composite coatings. As for Type 3 behavior in A11-AI2O3 system, 

Celis believed that there exist several itr values, which cause multiple maximum peaks of 

particle content.

As in the Guglielmi model, the Celis model cannot predict the particle content of 

a particular system without predetermining factors such as k  , K  and a  by fitting 

experimental data. The transition at itr from charge-transfer control to concentration 

control is still doubtful [69].

(c) Trajectory Model

In 1987, Valdes [82] developed a theoretical model for the co-deposition of 

particles with a RDE (Rotating Disc Electrode), which first considered possible forces on 

particles during transportation. Based on the Valdes model, Fransaer et al. [83] built a 

more precise trajectory model to describe the co-deposition of particles with a RDE. This 

model takes into account the flow field around the cathode and the force balance on an 

individual particle. As shown in Fig. 1-6 [83], forces acting on a particle can be 

simplified to the hydrodynamic shearing force, Fshear (due to various shear flows), the 

hydrodynamic force, F stagn (owing to the stagnation point flow), the friction force, F a c tio n ,  

and the adhesion force, F a<ih- These forces can be calculated using a set of complex fluid 

equations. A critical shear force required to remove a particle can be related to 

K(Fadh+Fstagn) according to classic friction theory, where k is the friction coefficient. The 

probability of a particle remaining on the cathode would depend on the ratio of 

K ( F ad h + F stagn) to the removing shear force, F Shear, and thus the fraction of incorporated 

particles could be predicted. This trajectory model predicted, with precision, the effect of 

particle loading on the co-deposition of particles in Cu-polystyrene. Unfortunately, this 

model cannot predict Type 1 behavior of current density. Fransaer proposed that a 

repulsive hydration force might exist, and that it would become minimal with decreasing 

electric field at the cathode, resulting in a peak of particle incorporation at low current 

density. The hydration force could also explain the effect of other parameters, such as 

particle type and surfactant.
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By including hydrodynamic factors, the trajectory model provides a much better 

theoretical description of the co-deposition of particles than previous models. However, 

to date the validity of this model has been verified only in Cu-polystyrene and Zn- 

polystyrene systems [30, 83], and the existence of the hydration force hasn’t yet been 

confirmed.

stagn

F  friction F  shear

Figure 1-6. The force balance on the particle attached to the cathode [83].

(d) Co-deposition of Metal Particles

As mentioned in Section 2.1.3.1, the co-deposition of metal particles and other 

conducting particles is minimally affected by current density, which is different from the 

case with inert particles. Narayan et al. [61] found that the deposition rate of C particles 

(the constant B) was equal to the deposition rate of Cr matrix (the constant A) regardless 

of the change of current density using the Guglielmi model. This unique behavior, 

however, isn’t completely understood. Bazzard et al. [32] had previously observed the 

formation of out-growing dendrites on Ni-Cr composite coatings, but not on Ni-SiCh 

composites. Based on results of polarization and conductivity measurements in a plating 

bath, they postulated that conducting Cr particles caused a local rise of electric field 

around the cathode surface, which facilitates the incorporation of Cr particles into the 

cathode. Deposited Cr particles act as new cathode surfaces, thereby becoming 

preferential deposition sites for other Cr particles and resulting in the dendrite deposits. 

The non-conducting SiC>2 particles may only slightly change the electric field around the 

cathode. The deposited SiC>2 particles cannot be the preferential sites for other particles 

due to the non-conducting nature so that SiC>2 particles will homogenously deposit on
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cathode surface. The rough surface of coatings containing conducting particles was also 

confirmed by Foster et al. [53] for Co-Cr3C2 and Stankovic et al. [54] for Cu-C. Watson 

et al. [84, 85] reported that, unlike SiC particles, Cr particles can catalyze the deposition 

of Ni2+.

1.2.2 Physical and Mechanical Properties of Ni3Al

y’-Ni3Al is one nickel-based intermetallic compound with a highly ordered cubic 

crystal structure, and belongs to the space group of Pm3m (also designated as L I2 

structure). The ordered LI2 structure of Ni3Al can be retained up to its melting point, 

1395 °C [8 6 ]. Fig. 1-7 shows the unit cell of Ni3Al, where Al atoms occupy all comers, 

and Ni atoms locate at 6  face-centered sites. The lattice parameter of Ni3Al is about

0.357nm, which can be altered by an addition of alloying elements [8 6 , 87]. According to 

the Ni-Al equilibrium phase diagram [8 8 ], Ni3Al has a very narrow stoichiometry range 

of Al content (e.g., 24~27at% of Al for single y -Ni3Al phase at 400 °C).

Figure 1-7. The unit cell of Ni3Al crystal with an ordered LI2 structure.

Typical physical and mechanical properties o f pure Ni3Al are summarized in 

Table 1-4 [87, 89, 90], Ni3Al shows strong characteristics of the metallic bonding along 

with excellent thermal and electrical conductivities, and has a large thermal expansion 

coefficient. A unique advantage of Ni3Al-based alloys is its abnormal increase in strength 

with increasing temperature up to about 800 °C [91-93]. In contrast, commercial Ni-based 

superalloys experience a continuous decrease of strength. Furthermore, the density of 

Ni3Al is only three-quarters of that of Ni-based superalloys [91]. The fatigue resistance

Ni

Al
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and the creep resistance of Ni3Al are also superior to those of Ni-based superalloys even 

at 800-1000 °C [91-94]. Unfortunately, a major disadvantage of Ni3Al as a structure 

material is its brittleness at room temperature. As shown in Table 1-4, the ductility of 

pure Ni3Al is only around 2%. Recent studies have indicated that the brittleness of Ni3Al 

might result from external hydrogen embrittlement [92], where the segregation of 

hydrogen from the moisture at Ni3Al grain boundaries is severely weakened. It was 

reported that a minor addition of B could substantially enhance the ductility of Ni3Al. As 

much as 40-50% total elongation had been achieved with 0.04wt% B [95, 96]. This 

breakthrough led to a quick development of commercial Ni3Al-based alloys at the Oak 

Ridge National Lab, alloys that are designated as IC series alloyed with B and other 

elements such as Cr, Zr, Mo and Si. Alloying elements offer Ni3Al-based alloys the 

excellent combination of mechanical properties and high temperature resistances. 

Applications of Ni3Al-based alloys to date include heat-treating trays, furnace rolls, 

radiant burner tubes, reactive vessels, forging dies, cracking tubes and jet-engine blades 

[92, 94, 97],

Table 1-4. Typical physical and mechanical properties of pure Ni3Al compound.

Properties Ni3Al

Density (g/cm3) 7.65

Melting Temperature (°C) 1395

Bonding Covalent / metallic

Thermal expansion coefficient (xlO’6/K-1) 12.5

Thermal conductivity (W/m*K) 28.85

Electrical resistivity (10'8Q*m) 32.59

Heat capacitivity (J/g*K) 0.54

Young’s modulus (GPa) 168

0.2%Yield strength (MPa)* 280

Ultimate Tensile Stress at RT (MPa)* 333

Elongation* 2 .6 %

*: Data collected at room temperature in air.
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1.2.3 Oxidation of NisAl
1.2.3.1 Oxidation Thermodynamics

Like that of other alumina-forming metals or alloys, the oxidation resistance of 

M3AI alloys relies on the formation of AI2O3. The reaction formula can be expressed as:

24/(s) + | o 2 -> Al2O f s )  (1-6)

AG = AG° + - /? r in ( — ) (1-7)
2  Po2

2  AG°
At equilibrium, p Q = ex p (-— —) (1-8)

3 K1

Where AG is the free energy o f the reaction; A G° the standard free energy offormation

o f oxides; p 0i the partial pressure o f oxygen; R the gas constant; and T is the absolute

temperature. Fig. 1-8 shows AG° for some common oxides [98]. Based on Fig. 1-8, 

AI2O3 has more negative AG ° than Cr2 0 3  and Si0 2 , suggesting a larger driving force for 

the formation of AI2O3. From Equation (1-8), the equilibrium partial pressure of oxygen 

of formation of AI2O3 is much lower than that of formation of Cr2 0 3  and SiC>2, indicating 

a higher thermodynamic stability of AI2O3.

0

-10

OQ
-43

-SI

m HOP

Figure 1-8. The standard free energy change of formation of oxides [98].
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1.2.3.2 Oxidation Kinetics

High-temperature oxidation of metals or alloys (including M 3AI alloys) generally 

follows three stages: transient oxidation, stead-state oxidation and breakaway [99]. The 

transient stage features a rapid increase o f weight gain due to selective oxidation of the 

active metal elements. After the formation of the protective oxide scale, the oxidation rate 

curve quickly flattens out. In the final stage, the protective scale is broken, and base 

metals or alloys suffer accelerated oxidation. The second stage is often used to determine 

the oxidation kinetics in terms of the relationship of weight change to exposure time. 

Three oxidation mechanisms that have been recognized are the logarithmic law, the 

parabolic law and the linear law (Fig. 1-9). The logarithmic mechanism is manifested 

only in metals oxidized at low temperatures (300-400 °C) [100]. For most alloys, the 

linear law and the parabolic law are more commonly observed.

linear
o

parabolic

logarithmico>

Exposure time

Figure 1-9. Typical oxidation mechanisms of metal and alloys.

In case of parabolic oxidation, one assumes that metals and alloys form a dense 

and single-phase oxide scale during oxidation. The rate-determining step is the lattice 

diffusion of reacting species through the oxide scale. The rate equation can be described 

by [1 0 0 ]:

{ ^ - )  = kpt n +C,n = 0.5 (1-9)
A
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where Am is the weight change; A is the area of base metals or alloys; t is the exposure time; C 

and C are the constants; n is the rate component, and n = 0.5 for the parabolic oxidation; 

kpand k'pare the parabolic rate constants. The parabolic rate constant is temperature 

dependent, and it can be expressed by an Arrhenius-type equation

kp =k  0e x p ( - - ^ )  (1 - 1 1 )
K 1

where k0 is the constant; Q is the activation energy o f oxidation.

The parabolic law is often adopted to describe the high-temperature oxidation of 

numerous metals and alloys including Ni3Al. It is noted that the oxidation of Ni3Al alloys 

may not exactly follow the parabolic law. It has been found that the scale structure on 

Ni3Al oxidized below 1200 °C may consist of multiple oxide phases such as NiO, 

N1AI2O4 , and AI2O3 [89, 99, 101-103], which does not meet the assumption of the

parabolic law. Several researchers have reported that the oxidation of Ni3Al alloys and

coatings actually has a subparabolic behavior (n < 0.5) [51, 52, 103, 104],

The linear oxidation has a rate equation similar to that of the parabolic oxidation 

except for the rate component n - 1 , which is given by:

A  = k,t + C  (1-12)
A

where k, is the linear rate constant. From Equation (1-12), it is clear that the oxidation rate

during linear oxidation will be independent of exposure time. This type of oxidation is 

often observed in metals and alloys forming porous oxide scales or cracked oxide films. 

The overall oxidation may be controlled by the stead-state oxidation reaction at the phase 

boundary or the surface [1 0 0 ].

1.2.3.3 Development of Protective Oxides on Ni3Al

(a) Wagner’s Internal-Oxidation Theory
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The formation of protective AI2O3 on N13AI alloys is complex, and affected 

strongly by composition, temperature, oxygen partial pressure and alloying element. The 

selective oxidation of Ni and Al exists during oxidation. Wagner has dealt with the 

oxidation in binary alloys (AB, B is less noble than A) [105]. It assumes that the 

concentration of B in the AB alloy should be high enough to form a continuous external 

oxide scale, and, otherwise, B can only be internally oxidized in the form of oxide 

precipitates. The critical concentration of B can be given by [105, 106]:

0 - 13)
V o x  B

where DB is the diffusion coefficient of B in alloy; N 0 and D0 are the molar fraction o f oxygen 

on the surface and the diffusion coefficient of oxygen in the alloy, respectively; VM and Vox are 

the molar volume of the AB alloy and the oxide, respectively; g* is the volume fraction o f internal 

oxide precipitates; u is the stoichiometry factor. If the oxidation follows the parabolic law 

and BO scale is formed, the critical concentration of B can be expressed by [105, 106]:

V  7tk —

(1-14)
^ B ^ O  B

where Z Bis the valence of B; M 0 is the atomic weight of oxygen; and kp is the parabolic 

oxidation rate constant.

The addition of Cr (or Si) can promote the selective oxidation of Al due to a 

gettering effect [106] and thus curtail the critical concentration of Al in the alloys to form 

the external alumina scale. The critical Al content to form a continuous alumina scale 

could be decreased from 10-20wt% in Ni-Al binary system to as low as 5wt% in Ni-Al- 

Cr system [106]. However, theoretical modeling of internal oxidation and external 

oxidation of Al in ternary alloys (e.g., Ni-Al-Cr and Ni-Al-Si) is difficult. The third 

element of Cr (or Si) makes it hard to determine the parameters such as DB and D0 in

Equation (1-13) and (1-14). Recently, based on the Wagner’s intemal-oxidation theory in 

binary alloys (AB), Gesmundo and Niu [107-112] have established mathematical models 

to describe internal oxidation and transition from internal to external oxidation in the
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ternary A-B-C alloys. They also discussed the possible effects of oxygen partial pressure 

and temperature.

(b) Effects of Temperature and Al Content

The effects of temperature and Al content on scale development on Ni-Al alloys 

were first studied by Pettit [113], and are summarized in Figure 1-10 (a) and (b).
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Figure 1-10. The effects of temperature and Al content on the evolution of oxide scale on 
Ni-Al alloys: (a) phase diagram; (b) magnified Ni-rich portion [113]. (The shadow area in 
(a) and (b) represent the critical Al content to form protective AI2O3 scale.)
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Based on temperature and Al content, three regions with different oxidation 

mechanisms are identified in the Ni-Al binary phase diagram.

I. At low Al content and temperatures, the formation of continuous AI2O3 is 

impossible due to N Al̂  < N*Al0^, and NiO is selectively formed in the early

stage. The final oxide structure consists of the outer pure NiO and the 

intemal-oxidation zone containing AI2O3 and some NiAl2 0 3  precipitates.

II. For Ni-Al alloys with relatively high Al content at intermediate 

temperatures, the AI2O3 scale will be selectively formed due to 

N AhQ3 > N *Ali0̂ . Because the diffusion flux of Al in alloy ( J A‘lloy) is less than

that in AI2O3 scale ( J f [ 0 ), a depletion layer of Al will be formed under

AI2O3 . The oxide structure will be outer AI2O3 scale / inner MAI2O4 or 

probably NiO.

III. This mechanism is valid only if  N Al o > N*All0j and J Alloy > Jjj20 , which is in 

the high Al portion. Hence, the stable surface oxide will be AI2O3.

According to Pettit [113], the oxidation of M 3AI alloys would follow mechanism 

II at 900-1300 °C, first the formation of the outer AI2O3 and then the inner N iA ^O ^iO . 

However, Kuenzly et al. [114] argued that the oxide structure on Y-doped M 3AI alloys 

was the outer NiO/intermediate NiA^CVinner AI2O3 between 900-1200 °C. Doychak et 

al. [101] found a duplex oxide structure with the outer MAI2O4 and the inner AI2O3 on 

Zr/B doped M 3AI alloys after oxidizing at 1200 °C for 1 min. Schumann et al. [115] also 

observed the simultaneous formation of outer NiO and intemal-oxidation zone (IOZ) 

containing AI2O3 particles on single-crystal M 3AI after 1 min oxidation. Long-term 

exposure resulted in intermediate NiAl2 0 4  spinel and inner AI2O3. More systematic 

studies have been recently conducted by Perez et al. [103] on powder-metallurgy (PM) 

M 3AI alloys. The results are summarized in Fig. 1-11 and Fig. 1-12. It was found that a 

transition of oxidation exists at approximately 730 °C. At the low temperature range of 

535-730 °C, the IOZ was firstly formed, followed by the Ni layer and the NiO. A thin 

AI2O3 scale was developed only after a longer time. At the high temperature range of 

730-1020 °C, the oxidation mechanism is more consistent with the observations of
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Kuenzly [114], Doychak [101] and Schumann [115]. Perez et al. [103] also found that the 

formation of voids at the oxide/alloy interface became more severe with increasing 

temperature.

y///////////////̂ ^̂  ̂ mm*/

Figure 1-11. The oxidation stages of 
PM N 13A I for the low temperature 
range [103],

V oids
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Figure 1-12. The oxidation stages of 
PM M 3AI for the high temperature 
range [103].

(e) Effect of Oxygen Partial Pressure

Ni3Al alloys generally develop multiple oxides during oxidation under relatively 

high oxygen partial pressures, e.g., air or pure oxygen. Under low oxygen partial 

pressures, the oxidation behaviors of M 3AI are very distinct [115-119]. Venezia [116] 

reported that only the alumina oxide was found on N13AI at low oxygen pressures. 

Schumann et al. [117] conducted the oxidation of single-crystal NiiAl at 950 °C under 

p Qi = 4 xlO -19 a tm . They observed that only Y-AI2O3 formed in the initial stage, and y-

AI2O3 transformed to equilibrium a- AI2O3 in the later stage. The outward diffusion of Ni 

through the AI2O3 scale was also observed. Yi et al. [118] performed the oxidation of 

M 3AI alloys at 800 °C up to 25 hr under three different/?^, 5 - 9 xl0~6 aPn,

1.2x10” 14 atm , and 1.2x10~19 atm . The scale structure at p 0i = 5 -  9 x 10”6 atm was the
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outer NiO/NiAfeCV the inner AI2O3 . At p 0i =1.2x10 u atm,  the NiAl2 0 4  spinel was 

solely detected, and only the AI2O3 was identified at p 0i = 1 .2x l0“19afm . Gao et al. 

[119] recently found two different oxidation behaviors of M 3AI alloys at 

\0~]5atm < p 0i < 10~22atm . At \0~'5atm < p Qi < I0~n atm, pure Ni particles were 

formed first, followed by the slowly-formed AI2O3. In contrast, only AI2O3 could be 

found at p 0i = \0~22atm.

1.2.3.4 Transition Alumina

The equilibrium 01-AI2O3, which is thermodynamically most stable, provides the 

best protection for M 3AI alloys. However, several transition alumina phases—such as y- 

AI2O3, 8 -AI2O3 and 0 -AI2O3—would form in the transient oxidation stage of alumina- 

forming alloys [51, 52, 89, 101-103, 115, 120-123]. (X-AI2O3 has a corundum crystal 

structure, which can be treated as hexagonally close-packed oxygen ions with trivalent Al 

cations occupying two-thirds of octahedral interstitial sites. The crystal structures of 

metastable alumina have been reviewed in [120, 122-124]. Those structures generally 

consist of cubic close-packed oxygen ions with Al atoms in tetrahedral and octahedral 

interstices. Y-AI2O3, with a cubic spinel structure, usually forms below 900 °C and 

transforms to more stable a-Al2 0 3  with time [120, 121, 123]. 0 -AI2O3 has the monoclinic 

symmetry, and is more frequently seen at higher temperatures (900-1200 °C) [120-123], 

8 -AI2O3 is a superlattice of the spinel structure. It has been proposed that the 

transformation of alumina generally follows a sequence of y->8 —>0—>a [123]. Depending 

on temperature, 01-AI2O3 may nucleate in Y-AI2O3 or 0 -AI2O3 so that the transition 

alumina scale will be replaced by a (X-AI2O3 scale [123, 124]. The mass transport in the 

transition alumina has been reviewed by Prescott [120, 121] and Stott [122]. The growth 

of Y-AI2O3 or 0 -AI2O3 is controlled by the fast outward diffusion of Al via the cation 

lattice and the oxide surface. Platelet-like Y-AI2O3 or whisker-like 0 -AI2O3 due to the 

outward cation diffusion is often observed in the early stage of Ni-Al alloys and coatings 

[51,52, 102, 125],
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1.2.3.5 Oxidation Resistance of N13AI

(a) Current Understanding

Perez [103] summarized some short-term isothermal-oxidation results of M 3AI 

alloys prepared by different methods over a large temperature range. As shown in Fig. 1- 

13, NisAl alloys exhibit a fairly low oxidation rate even at high temperatures. Choi et al. 

[1 0 2 ] had studied the isothermal oxidation of pure cast M 3AI alloys at high temperatures. 

At the highest temperature of 1200 °C, the weight gain was less than 2.5mg/cm after 

60hr exposure. Perez et al. [126] investigated the long-term isothermal oxidation of pure 

PM NisAl alloys at the relatively low temperature of 635 °C, where the mass change after 

1000 hr was less than 2 mg/cm . Recently, Susan et al. [51, 52] conducted long-term 

isothermal oxidation of electrodeposited Ni-Al coatings, containing y-Ni and y -NisAl, at 

800 °C and 1000 °C. These coatings showed excellent oxidation resistance at 800 °C, only 

0.5 mg/cm after 2000 hr exposure, but accelerated oxidation at 1000 °C with a weight 

gain of more than 1 0  mg/cm after 2 0 0 0  hr.

CO

•  NijAl (PM). This work
o NijAl (C). Kuenzly and Douglass (2)
a  NiyM (SC). Scliumman et al. (13]
c NijAI-flf-B (CRA). Natesan [6)
a Ni}Al-B (C). Krasovecct al. (9]
o Ni}A! (C). Krasovecer al. [9]
□ NijAI-B (C). Tanaguschj et al. f3]
O NijAl (C). Tanaguschi et al. [3)
x NijAI-Hf-B (CRA). DeVan et al. (211

5 6 7 8 9 10 11 12 13

loVr (K_l)

Figure 1-13. Arrhenius plot comparing data of parabolic rate constants kp for oxidation
of M 3 A I  alloys. PM: Power Metallurg, C: Cast, SC: Single crystal, CRA: Cast + Rolled 
+Annealed [103].
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Cyclic oxidation is an issue of concern because M 3AI alloys are commonly served 

in thermal-cycling conditions. Pure M 3AI alloys are found to be prone to spallation at 

high temperatures. Choi [102] reported that the spallation of scale on pure NisAl alloys 

occurred at 1000 °C and became much worse at 1300 °C. Alloying elements such as Cr 

and B, or reactive elements such as Y and Hf, were found to improve the spallation 

resistance of NisAl [101, 114, 122, 127]. Brill [20] reported some results of long-term 

cyclic oxidation of alloyed M 3AI alloys in air at 1000 °C, which indicated a very low
<y

weight gain (less than 1.2 mg/cm ). Brill [20] also compared the long-term cyclic 

oxidation results of NisAl alloys with those of commercial iron-based alloy 800H and 

nickel-based alloy 617 at different temperatures. As shown in Figure 1-14, excellent 

oxidation resistance of NisAl alloys was evident. Recently, Deevi et al. [92] performed 

longer-term tests on NisAl-based alloys and alloy 800H at 1100 °C in air-5% water vapor. 

They reported that NisAl alloys had no significant mass change even after 270 days. In 

contrast, alloy 800H suffered 150mg/cm weight loss only after 40 days. Haanappel et al.

[128] also reported fairly low weight change of Cr-doped NisAl alloys (less than 0.1
'j

mg/cm ) at 900 °C in air for 1000 hr, and no crack or spallation was seen.

alloy800 H>
.0 3 + -

8 0 0  9 0 0
temperature [°C]

1000

Figure 1-14. The comparison of long-term cyclic oxidation of alloy 800H and 
alloy 617 with the NiAl 11 alloy (NisAl base alloy) [20].
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(b) Effect of Microstructure

Several researchers have studied the effect of grain size on the oxidation 

resistance of M 3AI alloys or coatings, with contradictory conclusions. Takeyama et al.

[129] reported that NisAl alloys with finer grains had better oxidation resistance at 1000 

°C due to a quick formation of protective alumina scale. Brill [20], however, argued that 

the fine-grain wrought NisAl showed worse cyclic oxidation resistance than the cast 

M 3AI with coarse grains at 1000 °C, as shown in Fig. 1-14. Perez et al. [104] recently 

studied the oxidation of PM NisAl alloys with various grain sizes at different 

temperatures. They found that at temperature below 730 °C, the oxidation rate decreased 

with a decrease of grain size. The larger fraction of grain boundaries in fine-grained 

NisAl alloys enhanced the formation of AI2O3 in the low-temperature range. Above 730 

°C, the coarse-grain NisAl alloys surprisingly showed better oxidation resistance. It was 

believed that fine grains easily cause the intrusion of oxide scale, and thus promote the 

inward diffusion of oxygen. Wang [130], however, reported that the Cr-doped NisAl 

(50nm) had much higher cyclic oxidation resistance than the cast NisAl at 1000 °C. The 

better cyclic oxidation behavior of nano NisAl was also observed by Chen et al. [131] and 

Liu et al. [132]. Recently, Zhou et al. [49] found that nano grains greatly facilitated the 

formation of a continuous and compact alumina scale on the electrodeposited Ni-Al 

nanocomposite film at 1050 °C. Although the overall effect of grain size on the oxidation 

of M 3AI is still being debated, the positive role of fine grains in the formation of alumina 

scale is generally accepted.

(c) Effect of Alloying Element

Table 1-5 summarizes results about the effects of alloying elements on the 

oxidation of M 3AI alloys or coatings [17, 51, 99, 125, 127, 128, 130, 132-140]. Alloying 

elements in NisAl are used primarily to improve mechanical properties or high 

temperature corrosion resistance. Many contradictive conclusions have been found from 

Table 1-5, which may be attributed to differences in doping methods, dosage, and alloy 

systems among various researchers. Boron significantly improves the low-temperature 

ductility of M 3AI, but deteriorates the adherence of oxide scale due to the formation of 

voids on NisAl surface [125]. Cr can effectively decrease the critical Al content from
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10~20wt% in Ni-Al binary system to 5wt% in Ni-Al-Cr system to form continuous 

alumina scale [106], However, above 1100 °C, the transformation of Cr20 3  to vaporized 

CrC>3 leads to many micro-voids in the scale, which reduces the adherence of oxide scale 

[125]. Reactive elements (REs) such as Y, Ce, La, Zr and H f (or their oxides, i.e., REOs) 

are added to enhance the adherence of the alumina scale and to improve the cyclic 

oxidation resistance of M 3AI, although some elements may cause an increase of weight 

gains. This so-called reactive element effect will be further discussed later.

Table 1-5. The effect of alloying elements on the oxidation of N13AI, adapted from

[99].

Alloying Oxidation Adherence of Formation of Growth of
elements Properties Al20 3  scale Al20 3  scale A120 3

B >kt) I +
Cr t c i ) f ( i ) t +
Ni t
Co t T ( l ) +
Mo T
W -

Si t
Ti T ( i ) +
Y i(t> T ( i ) f +
Zr i(T ) T +

Zr02 I
Hf T T t +

H f02 I
SiC T I

A120 3 4,
Ta +
Ce T
La t

T: Improving; 4-: Deteriorating; +: Having effect; -: Having no effect.
T ( i)  and i(T): Some disputed results inside parenthesis.

(d) Effect of Interdiffusion

Interdiffusion is a practical problem for protective coating systems. It refers to the 

inward diffusion of coating components and the outward diffusion of substrate elements. 

Interdiffusion and spallation are the two main factors that can shorten the life of alumina-
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forming coatings during oxidation, especially at high temperatures. In reducing or inert 

atmospheres, interdiffusion will become more dominant. Al can be quickly consumed 

either by regenerating the spalled scale or by inward diffusion. If the Al level is lower 

than a critical value, less protective NiO or MAI2O4 instead of AI2O3 will be formed, 

indicating failure of coatings. Susan et al. [141] recently investigated interdiffusion in Ni- 

15at%Al coating / Ni matrix system during isothermal oxidation. They found that 

inderdiffusion was negligible at 800 °C even after 2000 hr. However, the y-Ni + y -NisAl 

two-phase zone in the coating was quickly depleted to y-Ni when oxidized at 1000 °C for 

100 hr or 1100 °C for only 50 hr. They concluded that the rapid consumption of Al owing 

to interdiffusion was the reason for the marginal isothermal oxidation resistance of Ni- 

15at%Al coating at 1000 °C [52],

1.2.3.6 Reactive-EIement Effect (REE)

(a) Failure of Oxide Scale

As discussed in Section 1.2.3.5, pure NisAl alloys have marginal cyclic-oxidation 

resistance, and easily suffer the spallation of the protective AI2O3, especially at 

temperatures above 1000 °C. The oxide scale can also fail due to buckling or cracking of 

the scale [122, 142-144]. The failed oxide scales lead to accelerated local oxidation and a 

rapid loss of Al in the alloy matrix. Although the failure mechanisms of the oxide scale 

are not yet been completely understood, it is generally believed that compressive residual 

stresses, voids and interfacial impurities are the main attributes.

Compressive residual stresses, such as thermal stress, growth stress and interfacial 

stress, are the major causes of scale failure. Thermal stress results from a large mismatch 

of thermal expansion coefficient between the AI2O3 scale and the NisAl matrix during 

cooling [114, 142, 145]. Kuenzly et al. [114] reported that the thermal stress in the AI2O3 

scale on the pure NisAl alloy during cooling from 1200 °C could be 2,413 MPa, which 

was higher than the ultimate compressive strength of AI2O3, 2,068 MPa. Because thermal 

stress is quickly created upon cooling, there is almost no time to relieve this stress by the 

creep of the matrix [122, 142], Consequently, thermal stress is the most detrimental. 

Growth stress is related to the volume dilation during the transformation of Al to AI2O3
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[144, 145], It can be relaxed to some extent by the creep of the scale [145], and thus it is 

less harmful than the thermal stress. Interfacial stress is induced by the irregular geometry 

of the oxide/substrate interface during the growth of the scale [144, 145]. As with the 

growth stress, it can be relieved partially by the creep of the scale.

Other than residual stresses, voids are often observed either at the grain 

boundaries of the scale or at the scale/substrate interface for the alumina-forming alloys 

during the oxidation [114, 122, 145-148], Void formation is believed to be caused by the 

condensation of excessive vacancies. Vacancies can be generated by the inward diffusion 

of oxygen vacancies or the outward transportation of Al cations through AI2O3 [114, 

122], Vacancies can also be induced by selective oxidation of Al in Ni-Al alloys [114, 

122, 146], which causes an Al-depleted layer beneath AI2O3, and the inward diffusion of 

Ni. Because the inward diffusivity of Ni is larger than the outward diffusivity of Al, the 

Kirkendall vacancies are then created. Interfacial pores significantly deteriorate the 

bonding between the scale and the substrate, resulting in premature decohesion of the 

scale. If large residual stresses exist, cracks may start to propagate at these voids.

Harmful impurities (mainly sulfur) at the scale/substrate interface play a key role 

in causing failure of the scale [148-150]. Sulfur atoms are surface-active, and easy to 

segregate at the scale/substrate interface to lower the overall energy, which weakens the 

interfacial bond [149, 150]. Sulfur segregation at ppm level is enough to deteriorate the 

interfacial bond. Grabke et al [148] proposed that the segregated sulfur could enhance the 

formation of interfacial voids, and thus promote the spallation of the scale.

(b) Reactive-Element Effect (REE)

The reactive element effect has been extensively studied and reported for several 

decades. A minor addition of REs or REOs can effectively decrease the spallation of 

scale on high-temperature alloys and coatings. The possible beneficial effects and 

underlying mechanisms have been reviewed [121, 122, 145, 149, 151-154], and are 

summarized below.
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1) REs promote selective oxidation of alumina and also the ability of self- 

healing. At the early stage of oxidation, REs will be oxidized to REOs before 

Al, which provide sites of preferential nucleation of alumina [121, 145].

2) REs (REOs) alter the growth mechanism of alumina scale. RE ions are prone 

to segregation at scale grain boundaries, which retards rapid outward diffusion 

of Al cations owing to the defect interaction [136, 151, 154, 155], so that the 

slow inward transport of oxygen becomes the rate-controlling step. This will 

accompany the transformation of the equiaxed structure of alumina scale 

without REs (REOs) to a columnar structures [121, 156]. The slowly growing 

scale considerably decreases the internal growth stresses.

3) REs (REOs) improve scale ductility. The segregation of RE ions or REO 

particles effectively pin the motion of grain boundaries, leading to a fine­

grained scale. Fine-grained scales are more ductile, and allow more relaxation 

of residual stresses, which raises the cracking threshold and spallation 

resistance [121,135, 136,151].

4) REs (REOs) suppress the formation of voids at the scale / matrix interface 

[114, 121, 145, 146]. REs (REOs) are good sinks for vacancy condensation. 

This may reduce voids at the scale/coating interface and improve the 

adherence of the scale to the matrix.

5) REs (REOs) eliminate the detrimental “sulfur effect” [148-150]. It is proposed 

that REs such as Y can react with S to form thermodynamically stable Y-S 

phases in the alloy matrix, which dramatically suppresses the segregation of 

hazardous sulfur at the scale / matrix interface. Meier et al. [149] had reported 

that desulfidation using hydrogen or Y doping could achieve excellent cyclic 

oxidation resistance of Ni-based alloys and FeCrAl alloys. Recently, 

Schumann et al. [150] observed Y-S phases beneath the alumina scale on Y- 

doped NiAl using TEM.

1.2.4 Carbonaceous Corrosions
1.2.4.1 Carbon Activity and Oxygen Partial Pressure
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Fe-based and Ni-based alloy components used in modem chemical, 

petrochemical, energy conversion, and metallurgical industries often suffer carbonaceous 

corrosion when they are exposed to carbon-containing atmospheres. For research 

purpose, three basic gas systems—CH 4 -H 2 , C O -C O 2 , and C O -H 2 -H 2O— are usually 

adopted to simulate industrial carburizing atmospheres. Carbon activity and oxygen 

partial pressure are used to characterize the reactivity of these atmospheres, which can be 

given by [7, 157]:

Reaction 1:

Reaction 2:

CH4 = 2H 2 +C

ac = K x logK x 5 . 7 8 9

(P h2) 2 T

c o + h 2 = h 2 o + c

Pco * Pha = K
P h 7o

,log K 2 = 7100
7.496

Reaction 3:

ICO  = C 0 2 +C

a = K . . (.Pcoy , logK} 8817
•9.071

(1-15)

(1-16)

(1-17)

(1-18)

(1-19)

(1-20)
.Pco2 T

where ac is the carbon activity o f atmospheres, and, specifically, ac=l refers to the equilibrium 

state of graphite. K X, K 2, and K 3 are the reaction constant; T is the absolute temperature, °K. 

The oxygen partial pressure can be determined by [157]:

H 20  = H 2 +]^o 2 ,p 0i = k 4

f  \ 2 
P h 2o

V P h i J

C 0 2 -  CO +—0 2 ,p 0i -  K 5

r \ 1 Pco2

Pco

(1-21)

(1-22)

Depending on the oxygen partial pressure, the environments can be divided into 

either the carburizing/oxidizing atmosphere or the reducing carburizing atmosphere.
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Based on carbon activity (ac) and temperature, carbonaceous corrosions can be classified 

into metal dusting and carburization. Metal dusting occurs at temperatures ranging from 

400-800 °C, and under high carbon activities, ac>l [1, 3, 5-7]. Carburization is generally 

manifested at 800-1100 °C with ac<l [1,3-7].

1.2.4.2 Thermodynamic Stability Diagram

In high-temperature carburizing environments, the metal elements in Fe-based or 

Ni-based alloys may react with carbon or oxygen to form carbides or oxides. The phases 

formed are strongly influenced by temperature, carbon activity and oxygen partial 

pressure. At a constant temperature, a thermodynamic stability diagram can be used to 

predict phases in a metal-carbon-oxygen (M-C-O) system. Fig. 1-15 provides a 

thermodynamic stability diagram for Cr-C-0 and Si-C-O systems at 1000 °C [157],

- 2 0 -

-22
Cr,Q

-24

-26

-28

-30
log oc

Figure 1-15. The thermodynamic stability diagram at 1000 °C for the systems of 
Cr-O-C and Si-O-C [157].
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According to Fig. 1-15, three types of chromium carbides, Cr2C3, Cr7C3, and 

Cr?3C6, can be formed. Cr2 0 3 oxide can also transform to chromium carbides under 

certain conditions, e.g., the decrease of oxygen partial pressure. Because it can tolerate 

much lower oxygen partial pressures before transforming to SiC, SiC>2 is more stable than 

Cr20 3.

1.2.4.3 Coke Formation

Coke formation is an unavoidable problem in the ethylene industry, where a thick 

carbon layer often form on the inner surface of Fe-Cr-Ni tubes during cracking 

hydrocarbon molecules. Two types of coke, namely inner catalytic coke and outer 

thermal coke, have been identified [10, 158-163]. Catalytic coke results from the 

heterogeneous reaction of hydrocarbon feedstock on some metals such as Fe and Ni, 

which are excellent catalysts for carbon deposition [158]. Recent studies have found that 

sources of catalysts also include some transiently-formed FeO, NiO and (Fe,Ni,Cr)- 

spinel, which could be reduced to Fe, Ni, or Fe-Ni particles [158, 162, 164]. Catalytic 

coke contains crystalline graphite and some metal, carbide or oxide particles, and has a 

filamentous and porous morphology. Thermal coke is related to the thermal cracking of 

hydrocarbon, from which a dense and amorphous coke layer will deposit on the tube 

surface. This layer is characterized by a columnar, radial and axial structure.

Coke formation occurs via several sequential steps [159, 162]. Firstly, 

hydrocarbons are adsorbed on the catalytic metal surface, and carbon deposition occurs 

due to the catalytic reaction. Carbon atoms diffuse inward along grain boundaries of the 

catalytic particles or the catalytic particle/matrix interface owing to thermal gradient. As 

carbon builds up, metal particles such as Fe or Ni will be separated and lifted up from the 

tube surface. With further carbon diffusion, metal particles will be transported to the top 

of growing carbon filaments. The deposited carbon layer gradually covers metal particles 

and the tube surface, thereby deactivating the entire surface, and preventing further 

formation of catalytic coke. The resulting outer layer will be thermal coke.
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Accumulation of coke on an internal tube surface can cause many problems, e.g., 

a decrease of operating temperatures due to poor thermal conductivity of coke, an 

increase of gas pressure inside tubes owing to the reduction of effective internal tube 

diameter, and erosion of metal components by hard coke particles. More importantly, the 

coke layer on tube surface leads to carburization and metal dusting of tube materials. In a 

field operation, the coke must be removed periodically by gasifying the coke (decoking) 

at about 800-900 °C using hydrogen-vapor decoking steam.

One of the industrial approaches to control coke formation is to introduce S into 

the gas feedstock at the ppm level [10, 158, 159]. It is believed that S can preferentially 

react with Fe or Ni to form Fe-S or Ni-S compounds that can deactivate the catalytic 

surface for coke deposition. Another method is to introduce a protective oxide scale, such 

as Cr2 0 3 , SiC>2 or AI2O3, on the alloy surface [159]. These inert oxide scales are very 

stable, and can block the exposure of Fe or Ni to hydrocarbon. Hence they can reduce, or 

at least, mitigate, the formation of catalytic coke.

1.2.4.4 Carburization

(a) Kinetics

Carburization of Fe-Ni-Cr alloys can occur in two ways: diffusion-controlled 

carburization and carburization with a protective scale. Diffusion-controlled carburization 

is always observed in Fe-Ni-Cr alloys exposed to highly reducing carburizing 

atmospheres, e.g., CH 4 -H 2 , where the formation of protective C^Ch is impossible. The 

internal formation of carbides is thus controlled by the diffusion of carbon in the alloys. 

The kinetics for this form of carburization can be described using a parabolic law [1]:

''Am ''2 = 2 kt (1-23)
V A  J  

Amwhere  is the weight gain per unit area; k is the carburization constant; t is the time.
A
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During carburization of Fe-Ni-Cr alloys, a two-layer zone with the inner M23C6 

(M is Fe or Cr) and the outer M 7 C 3 is often observed [1]. The thickness of total carbide 

zone can be written as [3]:

1 D c
x 2 =2 e - ^ - t  (1-24)

where x is the thickness o f carbides zone; £ is a labyrinth factor; v is the stoichiometric factor 

for the carbide MC v , cM is the concetration o f the metals involved in the formation of carbide; 

Dc and cc are the diffusivity and solubility o f carbon in the alloy matrix; t is the time. It is 

obvious that the rate change of carbide layer will be affected mainly by Dc and cc .

If oxygen partial pressure in carburizing environments is high or a pre-oxidation 

process is adopted, a protective chromia scale can be developed on Fe-Ni-Cr alloys. 

Under the circumstances, the diffusion of carbon through oxide scale becomes the rate- 

controlling step. Because the solubility of carbon in the oxides such as Cr2 C>3 , AI2 O 3 , and 

SiC>2 is negligible [1, 3], the ingress of carbon can be completely blocked if  the oxide 

scale is dense and compact. The accumulated carbon in the scale in a range of 100 to 

1000 ppm may take years [157]. If the oxide scale is defective, carbon can still diffuse 

into the substrate alloys via those short-circuit defective paths and cause precipitation of 

carbides.

(b) Detrimental Effects of Carburization

Excessive precipitation of carbides in Fe-Ni-Cr tube alloys due to carburization 

causes volume dilation and significant internal stresses, which may induce the formation 

of micro-cracks in the alloys. Brittle carbides also decrease the ductility of tube materials. 

Klower et al. [165] reported that nearly 100% of the Charpy notch impact energy was lost 

for alloy 800H and AC6 6  Fe-Ni-Cr alloys after carburization in CH4-H2 at 1000 °C for 

1008 hr. Carburization leads to the loss of creep resistance of Fe-Ni-Cr tube alloys. 

Blocky brittle carbides precipitated along grain boundaries or in grains enhance creep 

rate. Excessive formation of chromium carbides significantly depletes the Cr content in 

alloy matrix, thereby deteriorating the ability of alloys to form Cr2C>3 [1 , 1 0 ].
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(c) Control of Carburization

From Equation 1-24, the carburization rate can be reduced if  the value of Dcand

cc is smaller. Grabke [1, 3, 6 ] has proved that the value of Dc»cc in Fe-Ni binary alloy

depends on the ratio of Ni/Fe. The product of Dc • cc reached the minimum at Ni/Fe=4.

Modem Fe-based tube alloys, e.g., 35Cr-45Ni alloys, consequently contain much higher 

Ni and Cr but lower Fe for better carburization and oxidation resistance. The adjustment 

of alloy composition, however, is limited by factors such as the cost.

Pretreatment of Fe-Ni-Cr alloys in weak oxidizing atmospheres, such as N2-H2- 

H2O or H2-H2O, can exclusively induce a thin Cr2 0 3  scale free of Fe or Ni-oxides, which 

enhances the carburization resistance (especially in reducing environments). However, 

this scale suffers spallation during thermal cycling or cracking due to creep deformation. 

Moreover, CT2O3 is not stable above 1050 °C, and converts to either chromium carbides 

[1, 3, 157] or volatile Q O 3 [11, 12]. To improve the spallation resistance of chromia 

scale, reactive elements such as Ce, Zr or Y are often added [3, 166-168]. In an early 

study, Hemptenmacher et al. [166] examined the effect of Ce on the carburization of 

alloy 800 at 1000 °C in CO-H2O-H2 atmospheres under different creep rates. The addition 

of 0.06% Ce led to strong interlocking of C^Ch scale and alloy matrix, and consequently 

very low carbon uptake even after 1300hr exposure. Recently, Seiersten et al. [167] 

reported that a thin ceria film formed by dip-coating enhanced the adhesion of C^Ch 

scale to Incology 800HT alloy either after pre-oxidation or during carburization in H2- 

3 %CH4 at 1000 °C. Compared to uncoated pre-oxidized alloy samples, the carbon pickup 

rate in coated alloy samples was decreased by a factor of 2-3.

Alloying elements such as Nb, Ti, Mo, Si, and Al have been found to mitigate the 

carburization of Fe-Ni-Cr alloys. Mitchell et al. [168] investigated the effects of Mo, Si, 

and Al on the carburization of Fe-Ni-Cr cast alloys in both reducing environments and 

the carburizing-oxidizing atmospheres. These alloying elements all improved the 

carburization resistance of the alloys under both conditions. The beneficial effect of Mo 

was more significant than Si in highly-reducing environments, where the formation of
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Cr2C>3 and SiC>2 is impossible. One reason for this might be the precipitation of M0 3 C, 

which blocked the inward diffusion of carbon and the reaction of carbon with Cr. This 

mechanism was supported by Piekarshi et al. [169]. They observed that minor amounts of 

Nb and Ti decreased the carburization rate of Fe-30Ni-18Cr alloys in H2-CO-CO2-H2O at 

900 °C. Under carburizing-oxidizing atmospheres, alloys containing Si were more 

resistant to carburization. This beneficial effect resulted from the formation of a healing 

SiC>2 scale beneath the cracked or converted C^Ch scale because, according to Fig. 1-15, 

SiC>2 was more stable than Cr2 0 3 . Al is similar to Si due to the formation of more stable 

AI2O3. Fe-Cr-4.5wt%Al alloy was resistant to carburization for temperatures up to 1150 

°C [168]. 602CA Ni-Cr-2.3wt%Al alloys showed extremely low carbon uptake at 1100 

°C for lOOOhr in CH4-H2 [165]. It should be noted that the development of Si or Al- 

containing Fe-based or Ni-based alloy systems would be limited by an embrittling effect, 

where the addition of more than 2% Si or Al reduces the ductility of the alloys [10].

Surface coatings provide a better method for carburization control. In an early 

study, a CVD SiC coating was applied to Fe-Ni-Cr alloys but failed to show an improved 

carburization resistance owing to its poor adhesion to an alloy matrix [170]. Clark [171] 

had successfully produced SiC ceramic coating well-adhered to Incology reactor tubes 

via CVD. Under simulated cracking at 850 °C and de-coking at 800 °C, SiC coatings 

were found to suppress the formation of catalytic coke. Lang [172] deposited an 

amorphous SiC>2 scale on Incology 800H by plasma-assisted vapor deposition. The 

testing results showed the amorphous Si0 2  film completely stopped carburization at 

temperatures below 825 °C, but became ineffective at higher temperatures due to the loss 

of amorphous structure. Above 1000 °C, SiC>2 converted to SiC. The most successful 

coating systems developed to date are Cr-Si, Al-Si, and Al-Cr-Si [10, 14-16, 19], which 

have entered the stage of commercial application. The Al-Cr-Si coating showed excellent 

carburization resistance at temperatures up to 1149 °C when tested in the ethylene furnace 

for 27 months [14, 15]. An Al-Cr-Si coating has been successfully developed via PVD 

and PECVD [10, 16, 19]. After two years of field trial, the coated tubes had much lower 

coke buildup than the uncoated tubes.
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Another trend is to use Ni3Al-based alloys, which have their superior resistance to 

oxidation and carburization. Brill [20] first reported carburization of NisAl base alloys in 

CH 4 -H 2  atmospheres (ac=0.8) at various temperatures up to 900 hr (Fig. 1-16). The 

superior carburization resistance of Ni3Al-based alloy (N iAlll) to alloy 800H and alloy 

617 is clear. Industrial applications of anti-carburization Ni3Al-based components have 

been made in the Oak Ridge National Laboratory [91-94, 173]. Commercial Ni3Al-based 

trays have been adopted by Delphi Automotive Systems Corporation in carburizing 

furnaces to replace stainless steel H U  trays. The latter often failed after six months of in­

field use. Ni3Al-based alloys, however, did not fail even after more than 39 months [91]. 

The grate bars made of Ni3Al-based alloys for calcinations of ores at high temperatures 

are currently being field tested [173]. Centrifugally cast Ni3Al-based tubes with a 

diameter up to 675 mm have been successfully manufactured. The replacement of H U  

cast tubes in ethylene crackers with Ni3Al tubes has recently been proposed [94, 173]. As 

in the case of other intermetallic alloys, room-temperature brittleness, long-term 

reliability, and complicated processing are major obstacles to their applications on a large 

scale. The use of Ni3Al coatings against carburization has, however, not yet been 

reported.

/a llo y 8 0 0 H

alloy 617
NiAl 11

7 0 0 8 0 0  9 0 0
temperature pC]

1000

Figure 1-16. Temperature dependence of cyclic carburization of different alloys in 
CH 4 -H 2  (ac=0.8) [20],
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1.2.4.5 Metal Dusting

Metal dusting is another form of corrosion commonly occurring in the carburizing 

atmospheres with ac>l at 400-800 °C [6 , 7, 174-176]. For example, this type of corrosion 

occurs in the gas environments for the synthesis of ammonia and ethanol, and in the 

combustion of natural gas for the reduction of ores [7]. It is defined as the disintegration 

of Fe base, or Ni base alloys into a dust, consisting of very fine metallic particles and 

graphite, and sometimes carbides or oxides. Fine metallic particles are always Fe, Ni or 

both, which further catalyzes the formation of coke. A loose dusting layer causes a severe 

erosion problem for alloys during the transport of cracking steam. The consequence is 

often catastrophic. The kinetics and mechanisms of metal dusting have been thoroughly 

studied in recent years [6 , 7, 174-179], and were found to depend mainly on base alloy 

compositions and temperatures.

(a) Metal Dusting in Iron and Fe-based Low Alloy Steels (Type I)

Metal dusting in iron and low alloy steels in CO-H2-H2O at 400-650 °C generally 

follows the procedures shown in Fig. 1-17 [7,174, 178].

Alloy Fe3C

(a)

i

(b)

Graphite (coke)

(c) (d)

Figure 1-17. Schematic illustration of metal dusting in iron and low alloy steels: (a) 
surface reaction and carbon transfer; (b) formation of Fe3C layer; (c) nucleation and 
growth of graphite into Fe3C; (d) outward diffusion along graphite and segregation of 
Fe atom, which catalyzes the coke formation [7,174,178].

Firstly, carbon is transferred onto the surface (Fig. 1-17 (a)). Upon saturation of 

alloy surface, Fe3C begins to nucleate and continues to grow into a metal matrix. A
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serrated FejC layer then covers the entire surface and retards the inward carbon diffusion 

(Fig. 1-17 (b)). This is followed by the precipitation of equilibrium graphite on the 

surface of the FesC layer, which decreases the carbon activity on Fe3C. Fe3C becomes 

unstable and decomposes to graphitic carbon and Fe. Carbon atoms resulting from the 

decomposition attach to the graphite base plane and protrude into Fe3C (Fig. 1-17 (c)). Fe 

atoms move outward along graphite and form fine Fe particles (about 20nm), which 

promotes coke formation (Fig. 1-17 (d)). Eventually, the outer coke layer continues to 

grow upward and the inner Fe3C layer penetrates into the matrix. The outer coke layer 

usually has a filamentous morphology. The morphology of the final alloy surface after 

metal dusting changes slightly if  the temperature is above 700 °C [7, 174]. An iron layer

instead of iron particles will be formed between the coke layer and the Fe3C layer. The

final morphology is outer coke layer/iron layer/inner Fe3C layer/metal matrix. The Fe3C 

layer eventually disappears or breaks off. At higher temperatures between 900 °C and 

1000 °C, the metal matrix transforms into austenite. The undergoing mechanism of metal 

dusting is similar to that for Ni and Ni base alloys, and will be discussed later.

The wastage of metal particles during metal dusting can be expressed by [7]:

^ j L = kM *t  (1-25)
A

A mM
where ------- is the metal wastage per unit area, kM the rate constant o f metal wastage and t

A

the time. The catalytic coke by metal particles can be given by:

2 ( ^ c ) = h h f ( p ) .  t 2 (1-26)
A

A mc
where ------  is the coke deposition per unit area, kc the rate constant o f coke formation, and

A

f (Pi )  a function of the partial pressures. The Arrhenius-plot for coking rates showed the 

change of kinetics at 550 °C and 750 °C [7]. Below 550 °C, coking rate is proportional to 

p co: it increases with p H and decreases with p H O. Between 550 °C and 750 °C, carbon

transfer is the rate step. Above 750 °C, the metal matrix transforms to austenite, and 

carbon diffusion in austenite becomes rate controlling.
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(b) Metal Dusting in Ni and Ni-based Alloys (Type II)

Metal dusting in Ni and Ni-based alloys is distinct from that in Fe and Fe base 

low alloy steels [7, 174, 179]. The formation of an intermediate carbide layer doesn’t 

occur in Ni and Ni base alloys. In contrast, a graphite coke layer forms directly on the 

alloy surface and grows into an oversaturated alloy matrix with carbon, which causes a 

separation of Ni particles from the matrix. Because Ni particles are much larger than Fe 

particles in Fe and Fe-based low alloy steels, Ni and Ni-based alloys have a smaller 

catalytic effect and a lower coke formation. Metal dusting in Ni and Ni-based alloys is 

also found to depend on crystal orientation of the alloy matrix [7, 174, 179]. If graphite 

forms on Ni (111), it will grow epitaxially, in which case the detrimental effect of metal 

dusting would be minor. However, if  graphite nucleates on Ni (100), the vertical growth 

of graphite occurs, resulting in rapid metal dusting.

(c) Metal Dusting in High Alloy Steels

High alloy steels here refer to Fe-based or Ni-based alloys with high Cr content, 

e.g., > llw t%  in ferritic alloys and >17wt% in austenitic alloys. In CO-H2-H2O 

environments with high oxygen partial pressure at 400-800 °C, it is possible to form 

mainly Cr-rich oxide on these high Cr alloys. Grabke et al. [7, 174] proposed a joint 

mechanism of carburization, metal dusting and oxidation. If a defect-free chromia scale 

formed on alloy steels, metal dusting was about negligible. In fact, the scale contained 

some defects, and the formation of a protective chromia was difficult below 650 °C. 

Carbon species would reach the alloy matrix via defects in the scale. Inward diffusion of 

carbon results in the precipitation of chromium carbides or other alloy carbides below Cr- 

rich oxide scale. The following operating mechanism might be either that seen in Fe and 

Fe-based low alloy steels or in Ni or Ni-based alloys, depending on the alloy 

composition. The latter would lead to fine metal particles and outgrowth of graphitic coke 

layer. Chromium carbides were then oxidized and converted to oxides.

Szakalos [175, 177] recently proposed a different metal dusting mechanism (Type 

III). He believed that alloys react directly with CO at first, which results in chromium 

carbides and Cr-depleted alloy matrix. Simultaneously, chromium carbides were
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selectively oxidized, and the Cr-depleted alloy matrix disintegrated due to the growth of 

graphite (Type II). The final dust is composed of Cr-depleted alloy matrix, oxide, and 

graphitic carbon. Szakalos also suggested another new mechanism for the formation of 

carbon nano-tubes at the final stage of metal dusting (Type IV). He proposed that the Cr- 

depleted matrix continued to break off to very fine particles, which catalyzed coke 

formation and enhanced the inward diffusion of carbon. When Fe or Ni-rich particles 

reached nano-size, the carbon could form only on the particle surface and grow outward 

to form nano-tubes. Szakalos further summarized metal dusting mechanisms occurring in 

ferritic FeCrAl-alloys and Cr-steels, and austentic stainless steels in CO-H2 environments 

with different carbon activities (Fig. 1- 18). He concluded that the actual mechanism 

would be an integrated activity involving Type II, III and IV.

Ferritic Cr-steelsF eCr Al-allovs /(ferritic)
Austentic 

Stainless steels

Carbide bulk 
(M3C and M7C3)

Ferritic bulk 
With M7C3 and 
Kappa carbides

Austentic bulk 
With M7C3 

carbides

Carbide border 
Cementite dust 

Fe-Cr oxides 
Carbon

Carburization and carbide formation

Ferrite border 
Ferrite metal dust 

Fe-Cr oxides 
Carbon

Ferrite border 
Ferrite metal dust 
Al-Cr-Fe oxides 

Carbon

Austentic border 
Austentic metal dust 

Fe-Cr oxide 
Carbon

Ferretic/carbide bulk 
(depending on Cr-content)

Carbide dissolution by selective oxidation (Type III metal dusting mechanism) 
In co-operation with simultaneous graphitization (Type II mechanism)

Figure 1-18. Schematic metal dusting mechanism chart for ferritic and austentic 
stainless steels [175].
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(d) Prevention of Metal Dusting

Impurity of H2S in gases retards metal dusting. Decomposition of H2S releases H2 

and surface-active S. The latter is adsorbed by the alloy surface to deactivate the fresh 

catalyst surface required for coke formation. Grabke et al. [6 , 7, 180] have investigated 

the effects of H2S on metal dusting of pure iron, 2.25Cr-Mo steel, alloy 800, and Fe- 

25Cr-20Ni. The increase of H2S content up to 10 ppm was found to beneficially retard 

the metal dusting rate. Because the minor addition of H2S significantly improves 

carburization and metal dusting resistance of alloys and reduces the coke formation, this 

method is practically employed in modem industrial processes.

Ni alloys are more resistant to metal dusting than Fe alloys [7, 181]. Klower et al. 

[181] compared the metal dusting of commercial Fe base alloys with that of Ni base 

alloys in CO-H2-H2O at 650 °C. Fe base alloys generally showed unacceptable mass 

waste rate only after 190 hr. Ni base alloys, however, exhibited extremely low metal 

dusting rate even after 10,000 hr of exposure. A recent long-term test of Inconel alloy 

693 (62Ni-29Cr) in CO-2 0 %H2 at 621 °C showed that only slight metal dusting occurred 

on alloys after 15816 hr. In contrast, Fe base Inconel alloy 800 (Fe-32Ni-21Cr) lost 

protection after only 1 0 0 0  hr [182],

For Cr-containing alloys, rapid formation of chromia scale is a prerequisite 

against metal dusting. Methods that favor the formation of Cr2C>3 and maintain the 

completeness of scale will result in excellent resistance to metal dusting. Increasing Cr 

content enhances the formation of G 2O3 [6 , 7, 9]. Ferritic structure is more favorable than 

austentic structure, as Cr diffuses faster in ferrite than in austenite [6 , 7, 9]. It was 

previously reported that the resistance of alloys to metal dusting was affected by surface 

finish [183, 184], Grabke et al. [183, 184] investigated the effects of surface finishing and 

grain size on the metal dusting of alloys in H2-24%C0-2%H20 at 600 °C and 650 °C. For 

Alloy 600, grinding, polishing, machining, sandblasting, and shot-peening mitigated 

metal dusting. These methods resulted in more defects and higher density of dislocations 

in superficial layer of alloys, which became short-circuit paths for the outward transport 

of Cr [183]. A more rapid faster establishment of G 2O3 becomes possible even at low
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temperatures (<650 °C). Fine grains also facilitate the formation of C^Ch scale owing to 

rapid diffusion of Cr via a large fraction of grain boundaries. Fine-grained 304 stainless 

steel (10 pm) resisted metal dusting up to 170 hr, whereas coarse-grained steel (200-300 

pm) experienced excessive metal dusting after only 30 hr.

StrauB et al. [185] recently reported that alloying elements (Ti, Zr, Nb, Mo, and 

W) retarded metal dusting on Alloy 800. These elements have high affinities to carbon, 

and thus would be precipitated as carbides. This virtually reduced the loss of Cr in alloy 

matrix due to the formation of chromium carbides, which retained the ability of the alloy 

to develop Cr2C>3. The addition of Ce, however, was found to be harmful for alloy 800. A 

little as 0.05% Ce reduced resistance to metal dusting. Si and Al were beneficial since 

these elements promoted the formation of Cr2 0 3  in the early stage, and they would be 

oxidized after long-term exposure to form an additional SiC>2 or AI2O3 scale below Cr2 0 3  

scale.

Fewer investigations were conducted on the metal dusting of Fe-Al and Ni-Al. 

The only work reported to date was by StrauB, et al. [186] in 1996. They reported that 

Fe3Al was highly susceptible to metal dusting and coke formation. The increase of Cr and 

Ni in (Fe,Ni)3Al-Cr alloys enhanced resistance to metal dusting. NisAl alloys were 

surprisingly invulnerable to metal dusting.

1.3 Research Objectives
There is a strong need for high-performance coatings to protect Fe base or Ni base 

structural components from oxidation and carburization. The novel NisAl base coating 

may be a competitive candidate. The rapid development of the EMMC technique 

provides a cost-effective and viable way to bring M 3AI coatings into commercial use. 

However, systematic and definitive studies on the feasibility of the coating processing 

and the reliability of the coatings in oxidizing or carburizing environments have not yet 

been conducted. The current project aims to adopt the EMMC technique to develop 

NisAl-based protective coatings on the Fe-Ni-Cr alloys, and secondly to investigate the
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long-term resistance of NisAl coatings to oxidation, carburization and metal dusting. The 

results are expected to provide fundamental bases for the future development and 

application of the electrodeposited Ni-Al base coatings. The specific objectives of this 

investigation and the organization of this dissertation are as follows.

1. Although several previous papers have reported electrodeposited Ni-Al 

composite coatings [43-49], it is still crucial to improve the process to achieve 

Ni-Al coatings with higher Al content and better resistance to high 

temperature corrosion attack in oxidizing and reducing environments. 

Moreover, few studies have been conducted on the electrodeposited Ni-Al- 

REO ternary composite coatings, and mechanisms concerning the co­

deposition of metal and REO particles are still unclear. This study is aimed at 

depositing Ni-Al and Ni-Al-REO composite coatings with high Al particle 

content (30~37vol%) via electrodeposition, synthesizing NisAl-based 

intermetallic coatings, and elucidating the behaviors and mechanisms of co­

deposition of Al and REO particles. The coating processing adopted in the 

investigation will be presented in Chapter 2 and Chapter 3, which deal with 

the electrodeposition of the Ni-Al composite coating and the electrodeposition 

of Ni-Al-REO composite coatings respectively.

2. Chapter 4 and Chapter 5 will present the long-term cyclic oxidation behaviors 

of the pure and REO-dispersed NisAl coatings, and possible effects of 

factors— coating microstructure, REO particles, and interdiffusion—on 

coating performances in oxidizing environments. Despite of extensive studies 

on the oxidation of NisAl alloys and coatings via other techniques, however, 

only four papers [43, 49, 51, 52] have reported on the isothermal oxidation 

and short-term cyclic oxidation of electrodeposited Ni-Al coatings.

3. This research will examine the corrosion behavior and underlying 

mechanisms of NisAl base coatings in simulated carburizing atmospheres, 

which have not been studied extensively and are poorly understood (if at all). 

Chapter 6  will provide the carburization behaviors of NisAl-based coatings in 

the reducing CH 4 -H 2  atmospheres, while Chapter 7 will deal with the coke
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formation and metal dusting of NisAl-based coatings in the CO-H2-H2O 

mixtures.
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Chapter 2 

Electrodeposited Ni-Al Composite Coatings with High A1 

Content via Sediment Co-deposition

A version o f  this chapter has been published. Liu, H.F. and Chen, W .X ., S u rface  a n d  C oatings 
Technology, 2005. 191: p. 341-350.
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2.1 Introduction
In recent years, Ni3Al intermetallic alloys have attracted considerable attention 

because of their great potential for high-temperature structural applications due to low 

density, high strength at elevated temperature, and excellent resistance to high- 

temperature corrosion [1-6]. However, poor ductility at room temperature limits wide use 

of intermetallics as structural materials. Although major strides have been made to 

overcome the drawbacks of intermetallic-compound-based alloys, much progress has yet 

to be made to reduce processing cost and improve ductility and creep properties before 

the alloys can be widely utilized in monolithic or bulk form. Nevertheless, these 

shortcomings are not expected to impose much difficulty when the alloys are used as 

protective coating materials.

Currently, many coating techniques—for example, physical vapor deposition 

(PVD) [7], Self-propagating high-temperature synthesis (SHS) [8 ] and thermal spraying 

[2]—have been employed to produce Ni3Al intermetallic coatings on various substrates. 

Recent interests are to adopt conventional electrodeposition (CED) to prepare nickel 

aluminide coatings [9, 10]. This is a two-step process involving co-deposition of metal 

matrix (e.g., Ni)/metal particle (e.g., Al) composites and, secondly, diffusion treatment to 

form alloy coatings. Compared to other coating techniques, CED is a low-cost and can be 

performed at low temperature. It is particularly suitable for tubes with complex shapes 

and the internal surfaces of small tubes, which are difficult or impossible to coat by other 

methods. Furthermore, CED coatings have excellent surface quality and adhesion to 

substrate. To date, several composite systems, including Ni-Al, Ni-Ti, Ni-Cr, Ni-Zr and 

Ni-CrAlY, have been reported [9-17].

Izaki et al. [9] reported electrodeposited Ni-Al coatings from Watt’s nickel 

solution using 9 pm Al particles. When heated in vacuum at 800 °C for 3 hr, the 

microstructure o f alloy coatings changed from single y-Ni phase to single y -Ni3Al phase 

with increasing Al content. More recently, Susan et al. [10] produced Ni-Al coatings 

from nickel sulphamate solution, which contained maximum 20vol% Al particles. Two- 

phase Ni-Al coatings (y-Ni + y -Ni3Al) were obtained after diffusion treatment at 825 °C
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for 3hr in vacuum. Results showed that these Ni-Al coatings have good oxidation 

resistance below 900 °C [18, 19]. To achieve good oxidation resistance above 900 °C, Al 

content in composites should be increased so that more thermodynamically stable phases 

such as y -Ni3Al or [3-NiAl can be formed. For example, the formation of single-phase y - 

Ni3Al requires an Al content of 22~28mol% (30~37vol%) in the coating [9].

Most Ni-Al composite coatings are produced with the CED technique, in which 

the anode and cathode are vertically inserted in the bath. The work by Susan et al. [10] 

showed that a maximum of 20vol% Al was produced at about 300g/l of particle loading, 

and further increase in particle loading didn’t yield a higher particle volume fraction in 

coating. One may use surfactants to obtain more incorporation of particles in composites. 

Ni-PTFE composite coatings with 70vol% PTFE particles were obtained using cationic 

and nonionic surfactants [20]. However, excessive surfactants will reduce the cathode 

efficiency [2 1 ] and increase the brittleness of deposits [2 0 ].

A novel coating technique called sediment co-deposition (SCD) has been 

developed by Viswanathan [22]. In this technique, the cathode is horizontally set in the 

bath. Periodic stirring is used to keep particles suspended in solution and sediment on the 

cathode. A maximum of 50vol% particles in the coating was obtained for Ni-graphite 

[22] and M-WS2 [23], and 45vol% for Ni-MoS2 [23] via SCD that required low particle 

loading in the bath. Recently, Naploszek-Bilnik [11, 12] reported that 44wt% Al particles 

were deposited in Ni-Al coatings via SCD. However, rough surface made coatings 

inapplicable. Another sediment technique called barrel plating was introduced by Foster 

et al. [15] and Honey et al. [16] to deposit MCrAlY coatings. Up to 40vol% of CrAlY 

particles was successfully deposited in composites. However, compared to SCD, because 

it requires specialized equipments, barrel plating is more complicated.

This chapter is aimed at extending the SCD technique to develop applicable Ni-Al 

composite coatings on the centrifugally cast Fe-Ni-Cr tube alloys from a Watt’s type 

bath. The objectives were firstly to produce Ni-Al composite coatings with high Al 

content to form single-phase y -Ni3Al coatings after diffusion treatment, and secondly to
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understand the effects of deposition parameters on the Al particle deposition in the 

coatings, as most of the SCD deposition involves inert (non-conductive) particles.

2.2 Experimental
2.2.1 Sediment Co-deposition

The basic setup of the SCD technique is depicted in Fig. 2-1. The anode is located 

on top of the plating bath, and the cathode (substrate to be coated) is positioned 

horizontally below the anode. One “On/Off’ controller provided periodic stirring through 

a stir bar.

0 0 0 0 0 0
  0 0 0 0 -

  0 0 „0 0 0
o 0   —

0 --
—  0 0

1. DC Power.

2. Anode

3. Cathode

4. Plating solution

5. Particles

6. Stirring Bar

3

6

Figure 2-1. Schematic diagram of sediment co-deposition (SCD) setup.

The centrifugally cast high-performance alloy (HP alloy) was used as the coating 

substrate, whose chemical compositions were as follows: 35wt% Ni, 25wt% Cr, 0.4wt% 

C, <1.5wt% Si, <1.5wt% Mn, <1.5wt% Nb, and balanced Fe. Coupons of HP alloy of 

dimensions 20mmxl0mmx2mm were machined and ground using SiC papers up to 600- 

grit finish. Coatings were deposited on the 20mmxl0mm surface. The anode was a pure 

Ni plate ground by SiC paper to 240-grit finish.
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The composition of the Watt’s type nickel bath and typical operating conditions 

are given in Table 2-1. Al powder purchased from Valimet Inc. (Stockton, CA, USA) had 

a size distribution of 3.0-4.5 pm. Before electroplating, the anode and cathode were 

pretreated according to ASTM B343-92a [24] and ASTM B558-79 [25] respectively. For 

characterization, some as-plated coupons were sectioned, mounted, and polished with 

diamond slurry from 6  pm to 1 pm. All samples were finally polished with 0.05 pm 

colloidal silica.

Table 2-1. Watt’s type nickel bath and typical operating conditions. 

Watt’s type nickel solution: Operating conditions:

Anode: pure NiNickel sulfate (NiS04-6H20): 270 g/1 

Nickel Chloride (NiCl2-6H20): 45 g/1 

Boric acid (H3BO3): 40 g/1 

Sodium dodecyl sulphate 

(CH3(CH2)ioCH2O S03Na): 0.2 g/1 

Particle: pure Al particle, ~3 pm

pH: -4.0

Temperature: room temperature 

Current density: 20-90 mA/cm2

Stirring rate: 400 rpm 

Particle loading: 5-150 g/1 

Off/On time: typically 10s/1200s 

Plating time: 3 hr

2.2.2 Volume Fraction of Al Particles
The as-plated Ni-Al coatings were examined on a JSM-6302FXV Field Emission 

Scanning Microscope. To determine the volume fraction of Al particles in composite 

coatings, backscattered electron (BSE) images at lOOOx magnification were taken from 

various locations of each coupon, which were then processed using Image software, 

Image-Pro® Plus Version 4.0.0, to obtain the volume fraction of Al particles. In this 

software, areas or phases of different darkness can be separated and analyzed by 

adjusting the threshold level of darkness. The area percent of spherical Al particles 

obtained from the measurements was assumed to be the volume fraction of Al particles in 

the composite coatings.

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2.3 Diffusion treatment
Izaki et al. [9] and Susan et al. [26] have provided details of reaction synthesis for 

Ni-Al composite coatings. Although the formation of an intermetallic phase can occur at 

temperaures as low as 500 °C, practically, a temperature of diffusion treatment about 800 

°C is preferred due to shortened processing time. In this investigation, as-plated samples 

were annealed in vacuum under different conditions (Table 2-2). The phase structure of 

the treated coatings was determined using small-angle X-ray diffraction (XRD), which 

was performed on a Rigaku X-ray diffractometer with the Cu Ka incident radiation 

generated at 40kV and 110 mA. A fixed incident angle of 4 degrees and a 20 range of 20 

to 90 degrees were adopted to collect the X-rays. The XRD patterns were then analyzed 

with the aid of Jade Version 2.1.

Table 2-2. Conditions of diffusion treatment of Ni-Al particles composite coatings.

Samples_________________________ Conditions
1: 550 °C, 2 hr

„  .. . . .. on ,, 2: 550 °C, 2 hr + 670 °C, 2hrPart.de loadmg: 80 g/1 55<) ^  2 ^  + 67Q ^  ^  + m  0Q 3hf

_____________________ 4: 800 °C, 3 hr

2.3 Results and Discussion
2.3.1 Morphology of SCD Coatings

A typical SCD Ni-Al composite coating is shown in Figs. 2-2 (a) and (b). The 

composite coating is uniform in thickness, which was controlled to be about 100 pm (Fig. 

2-2). Spherical Al particles (black phase) are homogeneously distributed in Ni matrix 

coating (white phase). No defects such as pores and cracks were observed in the coatings. 

It should be noted that some particles with gray color are also present in the figure, which 

are Al particles beneath a thin layer of nickel matrix. To reduce the error of analysis, 

these gray particles were excluded by adjusting the threshold level above their darkness.
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m

Figure 2-2. Typical BSE micrographs of SCD Ni-Al composite coating (80 
g/1, 1 0 s/1 2 0 0 s): (a) low magnification; (b) high magnification.
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2.3.2 Effects of Processing Parameters
2.3.2.1 Current Density

The effect of current density on the volume fraction of Al particles is shown in 

Fig. 2-3 for three different particle loadings, 15 g/1, 40 g/1, and 80 g/1. The stirring Off/On 

time is set to be 10s/1200s for all tests. Generally, the volume fraction of Al particles 

with 15 g/1 is relatively lower than that with 40 g/1. According to Fig. 2-3, little change in 

the Al volume fraction with increasing current density was observed at 15g/l and 40g/l 

loadings. This behavior is similar to that of SCD Ni-graphite system [22] and CED Cr- 

graphite system [27]. Barmak et al. [28] and Susan et al. [10] reported similar phenomena 

in CED Ni-Al system, although there was a small peak of particle fraction at 50 mA/cm2. 

The current-density dependence in the present work is different from those reported for 

non-conducting particle systems such as Ni-WS2 and Ni-MoS2 [23], Ni-AFCb [28], Cu- 

AI2O3 [29], Ni-SiC [30], Cu-SiC>2 [31] and ZnNi-SiC [32], where one or multiple peaks of 

particle content with increasing current density were observed.

34-

30-
<0
75 28-

26-

24-

22 -

O 2 0 -  
>

18-

16-

20 3 0 40 50 60 70 8 0 90

Current Density (mA/cm2)

Figure 2-3 The effect of current density on the Al content in composite coatings.
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2.3.2.2 Particle Loading

Deposition with particle loadings ranging from 5 g/1 up to 150 g/1 was performed 

at a fixed current density of 45 mA/cm2 and Off/On time of 10s/1200s. The variation of 

the Al content in the coatings with the particle loading in the bath and the volume fraction 

of Al particles in the bath is plotted in Figs. 2-4 (a) and (b) respectively.
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Two regions are apparent in both Fig. 2-4 (a) and Fig. 2-4 (b). In region I, where 

the particle loading was varied from 0 g/1 to 40 g/1 (0vol% ~ 1.46vol%), the volume 

fraction of Al particles increased abruptly with an increase in particle loading. Beyond 40 

g/1 (region II), the volume fraction is seen to be insensitive to the change in particle 

loading. This trend is similar to those reported in other coating systems including Ni- 

graphite [22], Ni-MoS2 and Ni-WS2 [23], Ni-Al [26], Cr-graphite [27], Ni-SiC [30], and 

Zn-polystyrene [33]. Susan [26] also reported that the particle size had little effect on the 

co-deposition of Al particles, and hence the curves in Fig. 2-4 (a) and (b). According to 

Fig. 2-4 (a) and (b), the particle content in region II fluctuates between 30vol% and 

35vol%, which is lower than a maximum 50vol% of graphite in SCD Ni-graphite 

(conducting particles) composites [2 2 ] but significantly higher than maximum 2 0 vol% of 

Al in CED Ni-Al composite [26]. Compared to CED Ni-Al coatings, the particle content 

in SCD Ni-Al coatings is saturated at a much lower bath loading. The critical particle 

loading is 40 g/1 (1.46vol%) in the current SCD Ni-Al system, but was as high as 300 g/1 

(10.53vol%) in the CED Ni-Al system.

2.3.2.3 Off/On Time

As shown in Fig. 2-5, the particle content in the coating is independent of the 

Off/On time ratio from 0 to 1, although considerable scatter is seen in the data at a 

loading of 40 g/1. Fig. 2-6 (a) shows the effect of the Off time on the incorporation of Al 

particles in coatings when the On time is fixed at 1200s. It is clear that the Off time has 

little effect on the volume fraction of Al particles. When the Off time is set at 10s, 

decreasing the On time also has an insignificant influence on the volume fraction of Al 

particle according to Fig. 2-6 (b). The Off/On time controls the sediment and suspension 

of Al particles during deposition. Longer Off time may allow more Al particles to settle 

on the cathode and to be embedded in composite coatings. However, this beneficial effect 

of the Off time is not shown in Fig. 2-5 and Fig. 2-6, even at a low particle loading of 15 

g/1-
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2.3.3 Co-deposition Mechanism
Although various effective electrodeposited composite coatings have been 

successfully developed, the co-deposition mechanisms of particles are not fully 

understood. To date, several mathematical models such as Guglielmi model [34], Celis 

model [29, 35] and trajectory model [36] have been established to explain the co-
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deposition nature of particles and the effects of processing parameters. The Guglielmi 

model is the first general mathematical model considering the co-deposition mechanism. 

In this model, the co-deposition occurs through two sequential steps: first, particles 

adsorbing metal ions are loosely adsorbed on the cathode, and then the reduction of ions 

provides strong adsorption between particles and the cathode. This model has been 

proven valid in a number of composite systems [27, 30, 34, 35, 37, 38]. As it is relatively 

simple in explaining the effect of current density and particle loading, the Gugliemi 

model is also adopted in the current SCD Ni-Al system.

Generally, the Guglielmi model is expressed by:

C(1 - a )  = _ B W (_L + C) (2-1-0
«  nFPmV 0 K

when a  « 1 , — = — — exp[(^4 -  Bffi] .(— + C) (2-1 -2)
«  nFP,«uo K

i -  (1 - 6  )i0 exp (A rj) (2-2)

where a is the volume percent o f particle in coating, C the volume percent ofparticle in bath, 

M  the atomic weight of deposited metal, n the valence of deposited metal, F  the Faraday’s 

constant, p mthe density of deposited metal, u0andB the constants related to the particle

deposition, iQ and A the constants related to the metal deposition, K  the adsorption coefficient, 

t) the cathodic overpotential, i the current density, and6 the strong adsorption coverage which 

can be equal to a  . Equation (2-1-1) is a generalized expression that defines links among 

the volume fraction of particles in the coatings, the current density and the particle 

concentration in bath. In certain inert particle systems, where the particle content in 

coatings is fairly low, the factor ( l - a ) c a n  be omitted and Equation (2-1-2) used. 

However, in the present SCD Ni-Al system, Equation (2-1-1) should be adopted due to 

the high Al particle concentration.

According to the Guglielmi model [34], if this model is valid in the SCD Ni-Al 

system, two characteristics must be met. Firstly, the curve of a  vs Cmust be similar to a 

Langmuir adsorption isothermal curve. Fig. 2-4 (b) displays this characteristic. Secondly,
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a linear relationship must exist between and C at a given current density and lines
a

obtained at different current densities must converge at one point where C = - \ / K . The 

slopes of these lines are given by:

tan i// = — — exp [(A-B)r/] (2-3)
nFPm°o

In Equation (2-2), as a  « 1  for some inert particle systems, (1 -6 )  can be neglected. 

Thus Equation (2-2) can be written as:

i = i0 exp(^4 77) (2 -2 -1 )

Therefore, replacing r\ in Equation (2-3) with Equation (2-2-1) and taking logarithms on 

the resulting equation yield:

MLB /A  . . I T ,  .log tan ̂  = log— -------+ (1— -) logz (2-4)
nFpmv  0 A

For current SCD Ni-Al, because a  is large, (1-6) cannot be omitted. However, as the 

surface of conducting Al particle can be a new cathode for deposition, the effective 

cathode surface area available for deposition may not decrease, and the correction factor 

(1-6) can be neglected here. Thus, Equation (2-4) is also valid in the SCD Ni-Al system.

/nn \
Fig. 2-7 shows the curve of —— - vs C at various current densities. A single line

a

is obtained by fitting these data, for which 1/AT —0.181 and K=5.5\2. Furthermore, one 

single line rather than a series of lines at various current densities is shown in Fig. 2-7. 

This means that the slopes of these lines, tant// , are independent of current density /.

Therefore, in the logtani// vs logz' plot, according to Equation (2-4), (1 )must be equal
A

to 0, or B = A . According to Equation (2-1-1), when B - A ,  the incorporation of Al 

particles in composite coatings isn’t affected by current density, which is consistent with 

the experimental data from 20mA/cm2 to 90mA/cm2 in Fig. 2-3. The significance of 

B = A is that the reduction rate of free Ni2+ ions in the electrolyte is equal to that of Ni2+ 

ions adsorbed by particles [30], so that the particle content in coating will not change 

regardless of variation of current density. This behavior, B - A ,  was also observed in the
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Cr-graphite system [27], but did not hold in non-conducting particle systems [30, 35, 38] 

where B ^  A.
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Figure 2-7. —— -vs C at different current density. 
a

Previous studies have demenstrated that metal particles behave differently from 

inert particles [13, 39-41], For example, metal particles can cause a local rise of electrical 

field around the cathode that is beneficial to particle deposition. Unlike SiC particles, Cr 

particles in plating solution can catalyze the deposition of Ni . Moreover, the adsorption 

coefficient K  obtained in the current SCD Ni-Al system is much higher than that in some 

inert particle systems [30, 34, 38]. This indicates that Al particles can be adsorbed more 

stably onto the cathode than the inert particles, and are less likely to be desorbed from the 

cathode. Different surface properties of conducting and inert particles in the electrolytic 

solution may be one reason for dissimilar co-deposition behaviors at various current 

densities. More fundamental work is necessary to fully clarify this matter.

The effect of particle loading can be explained according to the results presented 

in Table 2-3. The loose adsorption surface coverage o , which is a ratio of the cathode
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area overshadowed by particles loosely occupied on the cathode to the total cathode area,

can be calculated by assuming that the strong adsorption surface coverage 6  is equal to

the volume fraction of A1 particles in coatings in accordance with to Equation (2-5-1) 

[34]:

KC*
G = - ^ — ( \ - d )  (2-5-1)

1+ KC

* k ca   --------- (2-5-2)
1+ KC

Table 2-3. The surface coverage at different particle concentration in bath.

C(% )______________ 6 (%)______________ o (%)____________ cr* (%)
0.185 13.957 42.854 49.805
0.552 28.447 53.510 74.784
0.917 29.803 58.349 83.121
1.460 32.207 60.121 88.683
2.174 31.823 62.795 92.107
2.878 33.593 62.369 93.920
3.571 31.897 64.727 95.042
5.263 32.330 65.35 96.581

In Table 2-3, o and 6 are much higher than C . Also, the strong adsorption 

surface coverage 6 is smaller than the loose adsorption surface coverage o  , which 

means that the strong adsorption controls the kinetics of co-deposition of Ni-Al 

composites. At low particle loading, o and 6  can increase effectively as C increases. 

However, at high particle loading, the loosely adsorbed A1 particle parameter, o , quickly 

reaches the limit with a further increase of C , as does 6 . One saturated layer apparently 

forms over the cathode surface, which further blocks the loose adsorption of A1 particles. 

This may have occurred due to the interaction among charged particles when particle 

concentration is high. It should be noted that the loose adsorption coverage o calculated 

using Equation (2-5-1) might be underestimated. This is so because the equation was 

originally proposed for inert particles, where the deposited particles reduce the effective 

cathode surface area for deposition. For conducting metal particles such as Al, the 

particle surface can be the new cathode for deposition. Therefore, the loose adsorption 

coverage, cr*, as listed in Table 2-3, should be computed using Equation (2-5-2) without
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considering the correction factor, 1 - 6 .  Clearly cr* is much higher than o .  As 

mentioned earlier, SCD Ni-Al coatings can achieve higher particle content in the coatings 

at lower particle loading than CED Ni-Al coatings. This can be attributed to the gravity 

and the position of the cathode. For the SCD technique, the gravitational force on the A1 

particles facilitates sediment of more particles on the horizontal cathode, which increases 

the opportunity of the loose and strong adsorption of the A1 particle on the cathode. In 

addition, the horizontal cathode can hold more particles than a vertical cathode, and can 

enable particles to be engulfed by deposited Ni coating. One possible reason for the 

minor effect of the Off/On time on the particle content in coatings is that the loose 

adsorption o and the strong adsorption 6 on cathode have reached a saturated level 

regardless of the Off/On time at a certain particle loading and agitation rate.

2.3.4 Diffusion Treatment
The microstructure of coated coupons annealed at different temperatures is shown 

in Figs. 2-8 (Backscatter [BSE] electron images).

DF1
c m i ' t  r ’-si

ill
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Figure 2-8. The morphologies of annealed Ni-Al composite coatings at different 
conditions: (a) 550 °C, 2 hr; (b) 550 °C, 2 hr +670 °C, 2 hr; (c) 550 °C, 2 hr +670 °C, 2 
hr + 800 °C, 3 hr; (d) 800 °C, 3 hr.

At low temperature, 550 °C for 2hr, both the Ni-Al intermetallic phase (gray 

region in Fig. 2-8 (a)) and the y-Ni phase (bright region) are observed in the coating. 

With an increase in diffusion temperature and time, as is seen in Fig. 2-8 (b), (c) and (d), 

y-Ni phase is reduced and disappears at 800 °C, and the homogeneous Ni-Al intermetallic 

phase is formed.

The XRD results in Fig. 2-9 provide phase information under the different 

annealing conditions shown in Table 2-2. Three phases, y-Ni, y -M3AI and (3-NiAl, are 

detected in annealed coating under condition 1 (550 °C for 2 hr). According to Fig. 2-9, 

no A1 phase (the major peak of 20=38.473°) was detected. Susan [26] has also reported 

that the A1 particles in Ni-Al composite coatings would quickly disappear upon heating to 

a temperature above 500 °C for a short period (less than an hour). When diffusion 

temperature and time are increased, 550 °C for 2 hr followed by 670 °C for 2 hr, the [3- 

NiAl phase was not detected and the y-Ni phase is reduced. For the annealed samples
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under two other high temperature conditions, only the y -NisAl phase is detected. These 

results are consistent with the SEM observations in Fig. 2-8. The detection of single 

M 3AI phase in Fig. 2-9 under condition 3 and condition 4, along with the uniform phase 

observed in Fig. 2-8 (c) and (d), also confirms that a volume fraction of A1 particles in the 

as-plated coatings was indeed around 30-35vol%. Final annealed coatings contained 

significant amounts of porosity (Fig. 2-8 (c) and (d)). The pores might be formed due to 

local densification during the melting of Al, and rapid diffusion of A1 into Ni matrix [9, 

26],

1: 550 °C,2 hr; 2: 550 °C,2 hr+670°C,2 hr;
3: 550 °C,2 hr+670 °C,2hr+800 °C,3hr; 4: 800 °C,3 hr. 
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Figure 2-9. The XRD patterns of annealed Ni-Al composite coatings under four 
different conditions of diffusion treatment.

2.4 Concluding Remarks
Ni-Al particles composite coatings are successfully developed via sediment co­

deposition (SCD) technology. Compared to the Ni-Al composites via conventional 

electro-deposition (CED), higher Al particle content in coatings ranging from 30vol% to
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35vol% can be obtained at very low particle loading in the bath. Deposition parameters 

have distinct effects on particle incorporation in coatings. The volume fraction of Al 

particles in composite coatings is determined mainly by the particle loading in the bath. 

Current density and Off/On time have little or no influence on particle incorporation. The 

co-deposition behavior, which is different from that in inert particle systems, can be 

explained by the Guglielmi two-step adsorption model. Due to a high volume fraction of 

Al particles in Ni-Al composites coating, single phase y -Ni3Al alloy coatings can be 

formed after diffusion treatment.
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Chapter 3 

Reactive Oxide-dispersed Ni3Al Intermetallic Coatings by 

Sediment Co-deposition

A  version o f  this chapter has been published. Liu, H.F. and Chen, W .X., In te rm eta llics , 2005. 13: p. 805- 
817.
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3.1 Introduction
Because of their excellent resistance to high-temperature oxidation, carburization, 

and hot corrosion, M 3AI intermetallic alloys and coatings have been studied extensively 

[1-3]. The high-temperature protection of NI3AI derives from the formation of a 

compacted, defect-free and slow-growing alumina scale. Unfortunately, the alumina scale 

is inherently susceptible to cracking and spalling during thermal cycling, which causes a 

significant loss of Al and a reduction in the lifetime of NijAl. In practice, reactive 

elements (REs) such as Y, Ce, Zr, Hf and La or their oxides (REOs) have been employed 

to improve the alumina scale [4-6]. Benefits claimed from REs (or REOs) include an 

increase of scale ductility, an improvement in the adherence of scale to substrates, and a 

reduction of the segregation of harmful elements such as sulfur at the scale/substrate 

interface [4-6].

Conventionally, REs (or REOs) are dispersed in alloys via casting [7], mechanical 

alloying and powder metallurgy [8 ]. They have been deposited by using thermal spraying 

[6 ], laser cladding [9], sputtering [10], pack cementation [11] and chemical vapor 

deposition (CVD) [12]. In some cases, REs were preferentially applied on the substrates 

as thin films or doped in the surfaces of base alloys using ion implantation [5, 13] and hot 

dipping [14]. REO coatings such as La2 0 3  applied via atomic layer chemical vapor 

deposition (ALCVD) [15], Y2O3 by metalorganic chemical vapor deposition (MOCVD) 

[16], and sol-gel coatings such as CeC>2 [17] also have been reported.

Recently, conventional electrodeposition (CED) has been studied to co-deposit 

REO particles in the metal matrix coatings. In this process, REO particles are suspended 

in the plating bath under continuous stirring. During the electroplating, the particles are 

adsorbed on the cathode surface and then entrapped in the metal matrix coating. Peng et 

al. [18-20] deposited Ni-La2 0 3  composite films to protect Ni, stainless steel, and y-TiAl 

from high temperature oxidation. Veleva et al. [21] produced Ni-Y2 0 3  composite coatings 

from a Watt’s bath, which proved to be more resistant to corrosion than pure Ni coatings. 

Compared to other coating techniques, the CED technique is a low-cost and low- 

temperature coating method. It offers a simple way to apply reactive oxide-dispersed
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protective coatings on various substrates. Moreover, the CED technique was introduced 

to produce Ni-Al binary alloy coatings [22, 23]. Ni-Al composite coatings can be co­

deposited when Al metal particles are added to the nickel plating bath. Proper annealing 

treatment can form protective Ni-Al binary alloy coatings. For example, single-phase 

M 3AI coatings can be formed provided that sufficient Al particles (30~37vol%) are 

present in the Ni-Al composite coatings [22]. Therefore, one may produce more complex 

Ni-Al-REO ternary composite coatings from a nickel plating bath containing Al particles 

and REO particles, and then induce the in situ synthesis of REO-dispersed M 3AI coatings 

by annealing the composites. Barkmak et al. [24] did the initial research on the CED Ni- 

AI-AI2 O 3 ternary composite coatings. They found that Ni-Al-Al2 0 3  ternary composite 

coatings with a maximum of 20vol% Al particles can be formed, and that the particle 

content depends on process parameters such as particle concentration and current density. 

However, electrodeposited Ni-Al-REO ternary systems have not been reported to date.

In Chapter 2, we successfully employed sediment co-deposition (SCD) to deposit 

Ni-Al composite coatings, with as high as 30~35vol% of Al particles, from a Watt’s 

nickel bath. Single-phase M 3AI intermetallic coatings were formed after the annealing 

treatment. In this chapter, we extend this SCD technique to co-deposit Ni-Al-REO 

ternary composite coatings. In order to form single-phase M 3 AI, it is important to 

maintain adequate Al content in the coatings. This, however, could not be achieved when 

REO oxide particles co-existed in the plating bath, and the phase structures in annealed 

Ni-Al-REO composite coatings could be different.

3.2 Experimental Procedures
3.2.1 Coating Process

Sediment co-deposition (SCD) was used to deposit Ni-Al-REO composite 

coatings (See Chapter 2 for details). The basic principle of SCD is that the anode is 

located on top of the plating bath, and the cathode (substrate to be coated) is positioned 

horizontally below the anode. One On/Off controller provided periodic stirring through a 

stir bar. Particles were suspended in the solution during On time, and settled on the
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cathode in the Off portion of the cycle. Compared to CED, the SCD technique produced a 

higher particle content in coatings.

The composite coatings were electroplated from a Watt’s nickel solution. The 

composition of the bath and some typical operating conditions are provided in Table 3-1. 

The centrifugally-cast HP alloy was used as the coating substrate. This alloy contains 

mainly 35wt% Ni, 25wt% Cr, 0.4wt% C, <1.5wt% Si, <1.5wt% Mn, <1.5wt% Nb, and 

the balance Fe. Coupons of HP alloy of dimensions 20mmxl0mmx2mm were machined, 

and then ground using SiC paper to a 600-grit finish. Coatings were deposited on the 

20mmxl0mm surfaces. Al powders, purchased from Valimet Inc. (Stockton, CA, USA), 

had an average size of 3 pm. Two reactive oxides, CeC>2 and Y 2 O 3 ,  purchased from Alfa 

Aesar, USA, were used in this study. The CeCh powders had average sizes of 5 pm and 

9-15 nm, and Y2O3 powder a particle size less than 1 pm.

Table 3-1. The composition of plating bath and typical operating conditions.

The Watt’s nickel bath:

Nickel sulfate (NiS04-6H20): 270 g/1; Nickel Chloride (NiCl2-6H20): 45 g/1;

Boric acid (H3BO3): 40 g/1;

Sodium dodecyl sulphate (CH3(CH2)ioCH2OS0 3 Na): 0.2 g/1

pH: -4.0

Operating conditions:

Anode: pure Ni;

Temperature: room temperature; 

Stirring rate: 400 rpm;

Plating time: 4 hr

3.2.2 Characterization
Prior to plating, coupons were cleaned using acetone and then air-dried. Some 

coated coupons were annealed in vacuum. A vacuum furnace was pumped down to
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around 0.8 mtorr, and heated to 800 °C for 3 hr. Some as-plated and annealed coupons 

were sectioned, mounted, and then polished with a diamond slurry from 6  pm to 1 pm 

and finally with 0.05 pm colloid silica.

The microstructure and morphology of the coatings were examined using a S- 

2700 Scanning Electron Microscope (SEM) (HITACHI, Japan) in the backscattered 

electron (BSE) mode. The phases of annealed coatings was determined using X-ray 

diffraction (XRD) in powder mode, which was performed on a Rigaku Geigerflex 2173 

diffractometer with the Co Ka incident radiation generated at 40kV and 30mA. A 20 

range of 2 to 120 degrees was adopted to collect the X-rays.

To determine the volume fraction of Al particles in composite coatings, BSE 

images at 1 0 0 0 x magnification were taken from various locations of each as-plated 

coupon, which were then processed using Image-Pro® Plus Version 4.0.0 software to 

obtain the volume fraction of Al particles. Using this software, areas or phases of varying 

darkness can be separated and analyzed by adjusting the threshold level of darkness. The 

area fraction of the particles was assumed to be the volume fraction of the particles in the 

composite coating. The validity of this method was verified in Chapter 2.

3.3 Results
3.3.1 Ni-Al Composite Coatings

According to Chapter 2, the Al particle content in Ni-Al composite coatings 

strongly depends on the Al bath loading. The volume fraction of Al particles in coatings 

rapidly increased up to 40 g/1 Al bath loading. It then leveled off beyond 40 g/1 and 

produced coatings containing 30vol% to 35vol% Al. The typical morphology of Ni-Al 

composite coatings obtained with Al particle loading at 80 g/1 is shown in Fig 3-1 (a). 

Spherical Al particles (black phase) are homogeneously distributed in a Ni matrix (light 

phase). The composite coating shown in Fig. 3-1 (a) contained about 33.5vol% (24.9at%) 

of Al particles. The coating that was annealed at 800 °C for 3 hr is shown in Fig. 3-1 (b). 

It can be seen in the micrograph that the annealing treatment produced a uniform single-
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phase alloy, which was identified to be single-phase y -Ni3Al, according to the XRD 

spectrum shown in Fig. 3-2 with diffraction peaks at 20=29.024°, 41.550°, 51.490°, 

60.175°, 90.346°, and 112.543°. It should be noted that final annealed coatings contained 

pores (dark phase) as shown in Fig. 3-1(b). The pores were formed due to local 

densification during melting of Al, and rapid diffusion of Al into the Ni matrix [22, 23].

Figure 3-1. Typical BSE micrographs of Ni-Al binary composite coatings 
with the 80 g/1 Al bath loading: (a) as-plated coating, (b) annealed coating.
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Figure 3-2. The X-ray pattern of the annealed Ni-Al composite coating with 
the 80 g/1 Al bath loading.

3.3.2 Ni-Al-REO Composite Coatings
Ni-Al-REO composite coatings were deposited from a plating bath containing 

both Al particles and REO particles. The Al particle loading in the plating bath was kept 

at 80 g/1 for all tests. The effects of REO particle loading on the volume fraction of Al 

particles in composite coatings are illustrated in Fig. 3-3. The phases formed in annealed 

Ni-Al-REO composite coatings are summarized in Table 3-2.

3.3.2.1 Nano Ce02 (9-15 nm)

Six bath loadings of nano 0 eO2 at 1 g/1, 5 g/1, 10 g/1, 20 g/1, 40 g/1 and 80 g/1 

respectively, were used to deposit Ni-Al-nano 0 eO2 composite coatings. According to 

Fig. 3-3, the volume fraction of Al particles decreased continuously with increasing oxide 

bath loading. When the oxide particle loading was greater than 5 g/1, the Al content in the
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Table 3-2. The phase information of annealed Ni-Al-REO Coatings.

Ni-Al-Ce02 (9-15 nm) Phases
1 g/1 (30.98±0.60vol%)* Ni3Al (major)
5 g/1 (29.83±1.81vol%) Ni3Al (major)
10 g/1 (27.07+1,86vol%) Ni3Al (major)
20 g/1 (17.25+0.30vol%) Ni (major), Ni3Al (weak), CeA103 (weak)
80 g/1 (3.38+0.26vol%) Ni (major), CeA103 (weak)

Ni-Al-Ce02 (5 pm) Phases
0.5 g/1 (32.66±0.6vol%) Ni3Al (major)
1 g/1 (30.58+0.52vol%) Ni3Al (major), C e02 (very weak)
5 g/1 (31.03+0.4vol%) Ni3Al (major), Ce02 (weak)
10 g/1 (27.89±0.76vol%) Ni3Al (major), Ce02 (weak)

Ni-Al-Y20 3 (<1 pm) Phases

0.5 g/1 (30.41±0.56vol%) Ni3Al (major)
1 g/1 (26.77+0.90vol%) Ni3Al (major), Y20 3 (weak)
5 g/1 (18.69+0.55vol%) Ni3Al (major), Ni (major), Y20 3 (moderate)
10 g/1 (13.72±0.99vol%) Ni3Al (weak), Ni (major), Y20 3 (moderate)

*: The vol% of Al particles in as-plated composite coatings

35-i

30-

> 25-
c
0)
=  20- o o
0) 15-
0

1  10 -
o.

<

0 10 20 30 40 50 60 70 80

Particle loading, g/l
Figure 3-3. The effect of the REO bath loading on the volume fraction of Al 
particles in Ni-Al-REO composite coatings.
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coating fell below 30vol%, which is the minimum Al level required for the formation of 

single-phase M 3AI coatings. Al contents as low as less than 5vol% were observed in Ni- 

Al-nano CeC>2 samples at a CeC>2 bath loading of 40 g/1 and 80 g/1. The typical 

morphology of as-plated coatings with 1 g/1 CeC>2 and 20 g/1 CeC>2 are shown in Fig. 3-4 

(a) and Fig. 3-5(a) respectively.

Figure 3-4. Morphology of Ni-Al-nano CeC>2 composite coatings with 1 g/1 
nano CeC^: (a) as-plated, (b) annealed.
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Figure 3-5. Morphology o f Ni-Al-nano CeCh composite coatings with 20 g/1
nano CeC^: (a) as-plated, (b) annealed.

The coating with 1 g/1 ceria loading contained significantly more Al particles 

(dark phase) than that with 20 g/1. Although the observation of nano ceria particles is 

beyond the resolution limit of the SEM used, ceria particles (white phase) larger than 1 

pm were occasionally observed. According to Table 3-2, the phase structures of the 

annealed Ni-Al-nano CeC>2 coatings were strongly affected by the oxide particle loadings. 

With a ceria particle loading below 5 g/1, single-phase y -NisAl was identified. With
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increasing oxide bath loading, the coating consisted o f  y -NisAl and y-Ni, due to the

reduction of Al content. At Ce0 2  particle loadings beyond 20 g/1, the coatings were 

predominantly y-Ni. Moreover, the CeAlC>3 phase was detected in the annealed coatings 

containing an increased amount o f CeC>2 particles. As shown in Fig. 3-6(a), the CeAlC>3 

phase was characterized with diffraction peaks at 20 =27.390°, 39.085°, 48.430°, 56.587°, 

and 70.931°. No CeAlCb was detected in the coating with a CeC>2 bath loading of 20 g/1 

or less. This was probably due to the resolution limit of XRD, which can only detect 

second phase of 5wt% or higher. The CeAlC>3 phase (instead of CeC>2 phase) was 

detected after annealing, indicating that nano CeC>2 particles reacted with Al during the 

annealing treatment. Fig. 3-4(b) and Fig. 3-5(b) show the images of annealed coatings 

with 1 g/1 and 20 g/1 nano ceria loadings respectively. Fig. 3-4(b) has a uniform contrast, 

reflecting the nature of single-phase y -Ni3Al (gray phase) with minor y-Ni-Al phases 

(light phase). However, only a small fraction of y-Ni3Al (darker gray phase) was 

observed in the annealed coating with 20 g/1 CeC>2 loading in Fig. 3-5(b), and the 

remaining light gray regions were y-Ni-Al phases with low Al content. The white phases 

in Fig. 3-5(b) are CeC>2 particles. The dark dots in the images of the annealed coatings are 

pores left after the annealing treatment.
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(a) CeA1 0 3  phase in the annealed Ni-Al-nano CeC>2 coating with 20 g/1 CeC>2 .
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(c) Y20 3 phase in the annealed Ni-Al-Y20 3 (<1 pm) coating with 10 g/1 Y20 3. 

Figure 3-6. The X-ray patterns of REO phases in the annealed Ni-Al-REO coatings.
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3.3.2.2 CeC>2 (5 pm)

Four ceria particle loadings at 0.5 g/1, 1 g/1, 5 g/1, and 10 g/1 respectively were 

used to study the effects of loading of larger-sized ceria particles. Fig. 3-7(a) and Fig. 3- 

8 (a) show as-plated coatings with 1 g/1 and 10 g/1 CeC>2 respectively. Al particles (dark 

phase) and CeC>2 particles (white phase) were evenly dispersed in both coatings. The 

coating with 10 g/1 CeC>2 contained more ceria particles, but fewer Al particles, than the 

coating with 1 g/1 CeC>2 .

Figure 3-7. Typical pictures of Ni-Al-5 pm CeC>2 composite coatings with 1 g/1 CeC>2 

particle loading: (a) as-plated, (b) annealed.
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Figure 3-8. Typical pictures o f  Ni-Al-5 pm CeC>2 composite coatings with 10 g/1 CeC>2

particle loading: (a) as-plated, (b) annealed.

As shown in Fig. 3-3, large ceria particles behaved the same as nano ceria 

particles in terms of the Al particle content in coatings, where the increase of CeC>2 bath 

loading significantly reduced the Al particle content in the composite coatings and the 

ceria particle size seemed to have little effect on Al particle content. According to Table 

3-2, the phase structures of annealed Ni-Al-5pm CeC>2 coatings with a CeC>2 bath loading 

less than 10 g/1 showed predominantly y-Ni3Al phase. Fig. 3-7(b) shows almost 100% 

intermetallic phase in the annealed coating with lg/1 CeC>2 particles. The small fraction of
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y-Ni-Al phase (lighter gray phase) in the annealed coating with 10 g/1 CeC>2 particles, as 

shown in Fig. 3-8(b), was not detected by the current XRD due to its low resolution. 

Based on Fig. 3-7(b) and Fig. 3-8(b), it is clear that higher CeC>2 concentration in the 

plating bath yielded more oxide particles (white phase) in the coatings.

However, the size of CeC>2 particles had an influence on the oxide particle content 

in the composite coatings. The CeC>2 phase was detected in Ni-Al-5pm CeC>2 coatings 

with an oxide bath loading as low as 1 g/1, while it was not detected in Ni-Al-nano CeC>2 

coatings even with 10 g/1 CeC>2 . Furthermore, the size of the oxide particles affected the 

reaction of CeC>2 with Al during the annealing treatment. Only the Ce0 2  phase, instead of 

the CeAlOs phase as was seen in Ni-Al-nano Ce0 2 , was present in the Ni-Al-5 pm Ce0 2  

coatings. The characteristic peaks of Ce0 2  at 20= 33.226° and 55.808° are shown in Fig. 

3-6(b). This suggests that large Ce0 2  particles did not react with Al to form a new 

compound during the heat treatment, or that the reaction might have produced amounts 

below the detection limit of XRD.

3.3.2.3 Y20 3 (<1 pm)

M-AI-Y2O3 composite coatings were prepared with four bath loadings at 0.5 g/1, 1 

g/1, 5 g/1, and 10 g/1 respectively. Fig. 3-3 indicates that the Y2O3 particle concentration in 

the plating bath had a significant effect on the Al particle content. The Al content 

dropped sharply from about 30vol% at 0.5g/1 Y2O3 bath loading to as low as 14vol% at 

10 g/1. Compared to CeC>2 particles, the Y2O3 particle had a more negative effect on the 

Al particle content in composite coatings. On the other hand, the Y2O3 particle content 

increased rapidly with oxide bath loading, which is shown in Fig. 3-9(a) and Fig. 3-10(a) 

for the as-plated coatings at 1 g/1 and 10 g/1 Y2O3 respectively. Fewer Al particles (dark 

phase) and a larger number of Y2O3 particles (gray needle phase) were contained in the 

coating with 10 g/1 Y2O3 than in that with 1 g/1 Y2O3.

The phases in the annealed M-AI-Y2O3 coatings changed from predominantly y - 

M 3AI phase at low Y2O3 bath loading, to mainly y-Ni at high Y2O3 bath loading, the 

details of which are summarized in Table 3-2. Due to the considerable number of Y2O3
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particles in the coatings, the Y2O3 phase was detected even in the coatings with lg /1. 

Y2O3 peaks at 20= 23.849°, 33.899°, 39.369°, 57.007°, and 6 8 .0 2 2 ° were identified in the 

annealed Ni-Al-Y2 0 3  coating with 10 g/1 Y2O3, as shown in Fig. 3-6 (c). No other Al/Y 

mixed oxide phases were found in any of the annealed composite coatings, which is 

similar to the experience with annealed Ni-Al-5pm CeCh composite coatings. The typical 

morphologies of annealed Ni-Al-Y2 0 3  coatings with 1 g/1 Y2O3 and 10 g/1 Y2O3 are 

shown in Fig. 3-9(b) and Fig. 3-10(b) respectively.

Figure 3-9. Ni-Al-Y2 0 3  (<1 pm) coatings with 1 g/1 Y2O3 : (a) as-plated, (b) annealed.
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Figure 3-10. M -A I-Y 2 O 3 (<1 pm) coatings with 10 g/1 Y 2 O 3 : (a) as-plated, (b) annealed.

3.4 Discussion
3.4.1 Interfering Effect

It is clear in Fig. 3-3 and Table 3-2 that an increase in the REO particle loading, 

particularly Y 2 O 3 , significantly reduced the Al particle content in the coatings. In 

contrast, the REO particle content in the composite coatings generally increased with the 

REO bath loading. It is evident that REO particles in the bath interfere with the 

deposition of Al particles. Barmak et al. [24] found a similar interfering effect in CED
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Ni-Al-a-Al2 0 3  (0.6-0.8 pm) ternary composition coatings, where the A1 particles in the 

plating bath altered the deposition behavior of the AI2O3 particles. The enhanced 

deposition of AI2O3 particles at low current density occurring in the Ni-a-AbCb binary 

systems was not observed in the Ni-Al-a-A^Cb ternary systems. However, no 

interference of AI2O3 particles with the deposition of the A1 particles was observed. To 

further clarify the effect of (X-AI2O3 particles on the deposition of A1 particles, Ni-Al-a- 

AI2O3 (0.3pm) ternary composite coatings were produced via the SCD technique (the 

results were also presented in Fig. 3-3). The interfering effect of (X-AI2O3 particles on A1 

particles is clearly seen in Fig. 3-3, which indicates that (X-AI2O3 particles have a more 

detrimental effect on the deposition of A1 particles in these coatings than the other kinds 

of oxide particles examined. This is quite different from the results of Barmak’s work. A 

clear explanation for this difference is not yet available, although the difference could be 

due to dissimilar coating techniques and bath compositions. For example, the CED 

technique and the nickel sulphamate bath were used in Barmak’s work, whereas a 

sediment deposition technique and the Watt’s nickel solution were used in our 

experiments.

Although many binary electrodeposited composite coatings were successfully 

produced, the co-deposition mechanisms of particles are not yet fully understood. It is 

generally believed that particles in the plating bath are physically adsorbed on the 

cathode surface, and then permanently incorporated in the metal matrix coating [25-27]. 

The physical adsorption is an electrophoretic step, where the particles in the plating bath 

will adsorb ions such as Ni2+ or solvent molecules, and be loosely attached to the 

cathode. The fraction of particles loosely attached to the cathode surface is proportional 

to the particle concentrations in the bath, and can be very large at high particle 

concentration, sometimes close to 100% [25, 28, 29]. The surface charge of the particles 

in the plating bath plays an important role in this physical adsorption step [30-32].

For the current SCD Ni-Al binary composite system, the A1 particle content in the 

composite coatings was large, even at a low particle bath loading of 40 g/1. As for the
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SCD Ni-REO binary composite system, for example M-Y2O3, the volume fraction of the 

oxide particle also was high (Fig. 3-11).

Figure 3-11. Ni -Y2O3 (<1 pm) binary composite coatings with 40 g/1 Y2O3.

This indicates that the metallic A1 particle and the non-conducting Y2O3 particle 

can be deposited easily from the current Watt’s nickel solution via the SCD technique. 

The surface state of the A1 particle and the Y2O3 particle in the solution is favorable for 

adsorption on the cathode. When both particles co-exist in the bath, the Y2O3 particle 

content in the coatings was found to increase with the Y2O3 bath loading, while the A1 

content sharply decreased. The observation of a high volume fraction of the Y2O3 

particles and an extremely low level of the A1 particles in the ternary Ni-Al-Y2 0 3  

composite coatings suggests that the Y2O3 particles are preferentially deposited on the 

cathode. Consequently, the deposition of the A1 particle is retarded. This interfering 

effect might result from the different surface charge states of the Y2O3 and the A1 

particles in the Watt’s bath. For example, if  the surface charge of the Y2O3 particle in the 

bath was more positive than that of the A1 particle, the Y2O3 particle would be more 

likely to be adsorbed by the cathode. As adsorption sites on the cathode are limited, the 

fraction of A1 particles loosely adsorbed on the cathode would be reduced due to the 

preferential adsorption of Y2O3 particles, particularly at increased Y2O3 particle
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concentrations. High Y2O3 particle loadings on the cathode surface would block the 

adsorption of A1 particles, and result in extremely low A1 particle contents in coatings (as 

was observed in the Ni-Al-Y2C>3 composite coatings). Further work is needed to verify 

the above assumption.

3.4.2 Formation of REO-dispersed Ni3Al
3.4.2.1 Ni-Al Intermetallic Phases

The formation of intermetallic phases in Ni-Al binary composite coatings during 

the annealing treatment results from interdiffusion between A1 particles and the Ni 

matrix. It is affected by A1 content, annealing temperature and time [22, 23, 28], The 

phase structures in the fully-annealed Ni-Al composite coatings obviously depend on the 

A1 content in the coatings. Based on the equilibrium Ni-Al binary diagram [33], the A1 

content in the Ni-Al composite coatings should be 22~28at% (30~37vol%), 

corresponding to single-phase y -NisAl. The coating would consist of y -Ni3Al and y-Ni 

when the A1 content was between 10at% (14.5vol%) and 22at% (30vol%). Below 10at% 

(14.5vol%), the solid solution of y-Ni is obtained.

The phases identified in fully-annealed Ni-Al-REO coatings were generally 

consistent with the Ni-Al binary phase diagram. According to Table 3-2, a single-phase 

Ni3Al coating was formed only at high A1 contents. A decrease in the A1 content resulted 

in y -Ni3Al+Y-Ni dual phases in the coatings, and finally the single y-Ni phase at low A1 

levels. However, for Ni-Al-REO coatings with high REO particle content, the phases 

present may deviate from the Ni-Al binary diagram to some extent. For example, 

although the A1 level (14vol%) in the Ni-Al-Y2O3 composite coating was below the 

minimum A1 content (14.5vol%) for the formation of y -M 3AI, y -M 3AI was still present. 

This happens due to the reduction of Ni in the coating in the presence of Y 2 O 3  particles 

(around 9vol%), so that the actual ratio of Ni/Al (5.5) will still fall into the two-phase 

region (5.9-2.3). We believed that the volume fraction of Y 2 O 3  particles in the coating 

was underestimated because Y 2 O 3  particles can’t all be separated from the Ni matrix, due 

to the poor contrast between them; only those Y2O3 particles with enough darkness were 

measured.
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3.4.2.2 The Limit of REO Bath Loading

For the current SCD Ni-Al binary composite coatings with 80 g/1 A1 bath loading, 

the A1 particle content was adequate to form single-phase M 3AI intermetallic coatings. 

When REO particles are added to the plating bath, the incorporation of REO particles in 

the composite coatings will be at the expense of the A1 content, due to the interfering 

effect. The REO bath loading should be controlled to maintain sufficient A1 in the 

coatings (30~37vol%) to form single-phase Y-M3AI. According to the results shown in 

Fig. 3-3, the maximum particle loading for nano Ce0 2 , 5 pm Ce0 2 , and Y2O3 (<1 pm) 

should be 5 g/1, 5 g/1, and 1 g/1 respectively. Beneficial effects of reactive oxides on the 

high-temperature performances of alloys or coatings generally occur when the REO 

content is low, typically less than 5wt%, which is below the detectable limit of XRD. As 

a result, the preferred REO bath loading in three Ni-Al-REO systems can be lower than 

those maximum limits required for the formation of single-phase M 3AI. Therefore, REO- 

dispersed M 3AI intermetallic coatings with the preferred REO content and sufficient A1 

particles can be produced via SCD.

3.4.2.3 Phase Transformation of REO-Contained Phases

Table 3-2 indicates that the CeA1 0 3  phase instead of Ce0 2  phase was observed in 

annealed Ni-Al-nano Ce0 2  coatings at high particle loadings. However, the oxide phases 

in the annealed Ni-Al-5 pm Ce0 2  and Ni-Al-Y2 0 3  (<1 pm) coatings were identified as 

mainly Ce0 2  and Y2O3 respectively, and no REO phase transformation was observed. 

The CeA1 0 3  phase normally results from the reaction of ceria oxides such as Ce0 2  or 

Ce2 0 3  with AI2O3 in inert or reducing atmospheres [34-36]. It has a perovskite-like 

structure, and is more thermodynamically stable than Ce0 2  in reducing atmospheres 

above 500 °C [34], The formation of CeA1 0 3  in reducing and inert atmospheres will start 

above 1000 °C [35, 36]. Wang et al. [37] also observed the formation of CeAlCb in 

thermal-sprayed, CeCb-modified NiAl coatings after carburizing at 1100 °C in CH4-H2 

reducing atmospheres. In the present study, the annealing of Ni-Al-REO composite 

coatings was conducted in vacuum at 800 °C, which is lower than the temperature 

required to form CeA1 0 3  phases. Because this phase was detected only in the annealed
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Ni-Al-nano CeC>2 coatings, the presence of CeAlC>3 may be attributed to the particle size 

of CeC>2. It can be calculated that the total surface area o f a nano CeC>2 particle ( ~ 1 2  nm) 

is about 417x that of a 5 pm-sized CeC>2 particle at the same weight fraction. Because 

reaction to form CeAlCb might be limited to the outer surface of the Ce0 2  particles and to 

a small surface area, the CeAlCb formed on micro-Ce0 2  may be too small to be detected 

by the XRD used.

3.5 Concluding Remarks
(1) Electrodeposited Ni-Al-REO ternary composite coatings could be deposited 

from the Watt’s bath containing both A1 and REO particles via the sediment 

co-deposition technique. The volume fraction of A1 particles in composite 

coatings strongly depends on the REO bath loading. For the current Ni-Al- 

nano Ce0 2 , Ni-Al-5pm Ce0 2 , and M-AI-Y2O3 (<lpm) systems, the A1 

content decreased with increasing REO particle loading. The reduction of the 

A1 content was more significant in the M-AI-Y2O3 (<lpm) systems. This 

behavior is believed to be caused by interference of REO particles with the 

deposition of A1 particles. The REO particles in the plating bath are 

preferentially adsorbed by the cathode, and thus block the adsorption of A1 

particles to the cathode.

(2) Ni-Al intermetallic phases formed in the annealed Ni-Al-REO coatings were 

consistent with those defined in the equilibrium Ni-Al phase diagram. To form 

REO-dispersed M 3AI intermetallic coatings, the REO bath loading should be 

controlled below a critical level, depending on the types of REO particles.

(3) Nano Ce0 2  particles reacted with A1 to form CeA1 0 3  phase during the 

annealing treatment at 800°C in vacuum. However, this transformation was 

not observed using XRD in the annealed Ni-Al-5pm Ce0 2  and Ni-Al-Y2 0 3  

(<lpm ) systems. This may result from the high surface area of nano Ce0 2  

particles, which makes the reaction possible at lower temperatures.
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Chapter 4 

Cyclic Oxidation Behavior of Electrodeposited Ni3Al-Ce02- 

Based Coatings at 850 °C and 1050 °C*

* The w ork on  the cyclic oxidation at 850 °C has been published. Liu, H.F. and Chen, W .X., Oxidation of 
Metals, 2005, 64(5-6): p. 331-354.

The w ork on  the cyclic oxidation at 1050 °C has been subm itted for publication. Liu, H.F. and Chen, 
W .X ., subm itted to  Corrosion Science, 2005.
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4.1 Introduction
Electrodeposited metal matrix (e.g., nickel-based)/metal particle (e.g., aluminum) 

composite coatings have been developed as protective coatings against high-temperature 

degradation. Usually, the composite coating is first co-deposited from a nickel plating 

bath containing conducting metal particles, and then annealed in vacuum or an inert 

atmosphere to allow the diffusion reaction between the matrix and the metal particles to 

form a uniform alloy. Various composite systems, such as Ni-Al [1-8], Ni-Cr [9, 10] and 

Ni-CrAlY [11-13], have been reported. Because it is simple, low-cost, and feasible for in 

situ deposition on various substrates [1, 2, 4, 7, 8 ], the electrodeposition of Ni-Al 

composite coatings has received extensive attention. These Ni-Al coatings can provide 

oxidation resistance in high-temperature oxidizing environments by forming a 

thermodynamically-stable AI2O3 scale on the coating surface. Izaki [1 ] first studied the 

high-temperature oxidation of such electrodeposited composite coatings. It was found 

that coatings with more than 16at% A1 have superior short-term isothermal and cyclic 

oxidation resistance to 304 stainless steels at temperatures from 900 to 1100 °C. Susan 

[14, 15] reported that the oxidation resistance of electrodeposited two-phase, y-Ni+y- 

M3AI, Ni-Al coatings was better than that of pure nickel and a two-phase Ni superalloy 

containing y-Ni+y -Ni3Al at 800 °C and 1000 °C. More recently, Zhou [4] conducted the 

short-term cyclic oxidation experiments on electrodeposited Ni-28wt%Al nanocomposite 

coatings at 1050 °C, where the oxidation rate were much lower than those of the nickel 

and the Ni-base superalloy.

Electrodeposited Ni-Al coatings with low A1 contents have usually satisfied long­

term oxidation resistance at temperatures below 900 °C [14]. However, to achieve good 

oxidation resistance at higher temperatures, an increased A1 content is required to form 

single-phase y -Ni3Al or (3-NiAl intermetallic coatings. M 3AI intermetallic coatings have 

received much attention due to fairly low weight gains during oxidation (even at 

temperatures above 1000 °C), carburization resistance, and sound resistance to 

oxidizing/chlorizing environments and molten salts [16-18]. The high-temperature 

protection of M 3AI results from the formation of compact, defect-free and slow-growing 

alumina scale. Unfortunately, such scales are inherently susceptible to cracking and
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spalling during thermal cycling [19]. Small amounts of reactive elements (REs), such as 

Y, Zr, La or Ce, and their oxides (REOs), could improve the scale adherence and 

suppress the spallation in Ni3Al and NiAl alloys [19-24].

Electrodeposition can be easily extended to co-deposit REO particles in Ni-Al 

composite coatings. Peng et al. [25, 26] developed Ni-La2 0 3  binary composite films on 

Ni and y-TiAl to protect the substrates from high-temperature oxidation. Veleva et al. 

[27] produced Ni-Y2 0 3  composite coatings from a Watt’s bath; there were more resistant 

to corrosion in aqueous chloric environment than pure Ni coatings. The co-deposition of 

Ni-Al-REO ternary composite coatings can be achieved simply by adding REO particles 

and Al particles to the Ni plating bath. Barkmak et al. [28] had conducted initial work on 

the co-deposition of Ni-Al-Al2 0 3  ternary composite coatings. In Chapter 3, we have 

successfully electrodeposited Ni-Al-Ce0 2  and M-AI-Y2O3 ternary composite coatings 

from a Watt’s nickel bath. By carefully adjusting the processing parameters, such as 

current density and particle loading, REO-modified M 3AI intermetallic coatings were 

successfully formed. However, the high-temperature performance of electrodeposited Ni- 

Al-REO ternary composite coatings has not been investigated previously.

The aim of this chapter is to study the cyclic-oxidation behavior of 

electrodeposited pure and Ce0 2 -modified M 3AI coatings at 850 °C and 1050 °C. The 

focus was on possible effects of Ce0 2  particle, coating structure, and interdiffusion on the 

cyclic-oxidation resistance of the coatings.

4.2 Experimental
4.2.1 Coating Process

Ni-Al composite coatings, and Ni-Al composite coatings containing Ce0 2  

particles of 9-15 nm and 5 pm respectively, were deposited onto Fe-Ni-Cr substrates 

from a Watt’s nickel bath via sediment co-deposition (SCD). The detailed coating 

process was described in Chapters 2 and 3. The centrifugally-cast HP alloy was used as 

the coating substrate; it contained 0.4wt% C, 35wt% Ni, 25wt% Cr, <1.5wt% Si,

111

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



<1.5wt% Mn, <1.5wt% Nb, and balanced Fe. Coupons of HP alloy, 20x10x2 mm3, were 

machined and then ground using SiC papers up to 600-grit finish. The coating was 

deposited on the 20x10mm2 surfaces. The Al powders, with an average size of 3 pm, 

were purchased from Valimet Inc. (Stockton, CA, USA). The CeC>2 particles, with an 

average size of 5 pm and 9-15 nm respectively, were obtained from Alfa Aesar, USA.

All coatings were deposited with a constant Al bath loading of 80 g/1, but with 

CeC>2 particle loadings ranging from 0 g/1 to 5 g/1. The average coating thickness was 

controlled at around 150 pm. As shown in Chapter 3, the Ce0 2  particle content in the 

composite coatings increases with an increase in CeC>2 particle loading in the plating 

bath, while the Al content decreases due to an interference effect. Single-phase N13AI 

coatings were formed when the CeC>2 particle loading was controlled below 5 g/1. Prior to 

oxidation testing, all the as-plated samples were annealed at 800 °C for 3 hr in a vacuum 

furnace pumped down to about 0 . 8  mtorr to achieve a uniform single-phase y -NisAl in 

the coating.

4.2.2 Cyclic-oxidation Test
The cyclic-oxidation test was performed in a tube furnace. Uncoated HP alloy 

coupons were used as a reference. Before the test, all coupons were polished with 600- 

grit SiC grinding paper, cleaned using acetone, and then air-dried. Test coupons were 

held in high-purity (99.8%) alumina boats with one coupon per boat (Vesuvius McDanel, 

PA, USA). Dry air was passed through the tube at a fixed rate of 60ml/min. The test cycle 

consisted of heating at 5 °C/min, holding at 850 °C or 1050 °C for the specific time, and 

cooling at 1.5 °C/min. After each cycle, the boats were removed from the furnace for 

mass gain measurement. Each coupon was weighed together with the boat and any 

spalled oxide from the coupon. Because each coated coupon has four edge surfaces 

uncoated, a correction was made to the measured weight gains on the assumption that the 

uncoated surfaces would have the same mass change per unit area as the coupon of bare 

HP alloy. After measurement, sample boats were returned to the furnace for the next run 

cycle. One repeated oxidation test was performed (the results obtained were very 

reproducible). The data presented in the paper were an average of the two tests.
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4.2.3 Characterization
The microstructures and the morphologies of oxidized samples were examined 

using a S-2700 Scanning Electron Microscope (SEM) with an Energy-Dispersive X-Ray 

Spectrometer (EDS) attachment, and a JAMP-9500F Field Emission Auger Microprobe. 

The composition profiles were obtained using a JEOL 8900 SUPERPROBE equipped 

with a wavelength dispersive X-ray spectrometry (WDS). The oxidation products were 

analyzed using a Rigaku Geigerflex 2173 X-ray diffractometer (XRD) with Co Ka 

incident radiation generated at 40 kV and 30 mA. A 20 range of 2 to 120 degrees was 

adopted for collection of X-rays.

To determine the density of porosity in the coating, secondary electron (SE) 

micrographs were taken from various locations of cross-sectioned coupons after being 

oxidized for various lengths of time. A rectangular picture frame was positioned 

continuously from the coating/substrate interface to the coating surface on the cross- 

sectional image of the coating, and the area fraction of the porosity within each frame 

was determined using Image-Pro Plus Version 4.0.0 software. This software is capable 

of differentiating pores with other features by adjusting the threshold level of darkness. 

The area fraction of pores was assumed to be the volume fraction of pores in the coating. 

For a given distance to the coating/substrate interface, three measurements at different 

locations were performed, and their average was considered to be the volume fraction of 

porosity at a given distance to the coating/substrate interface.

4.3 Coating Microstructures
Five different coatings were assessed in this study: one pure Ni-Al coating, 80+0; 

two Ni-Al-5 pm CeC>2 coatings, 80+1 (5 pm) and 80+5 (5 pm); and two Ni-Al-9-15 nm 

Ce0 2  coatings, 80+1 (9-15 nm) and 80+5 (9-15 nm). The compositions and phase 

characteristics of these coatings after annealing are summarized in Table 4-1. All 

coatings contained mainly the y -NisAl phase. The CeC>2 phase was observed in both
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annealed Ni-Al-5 jam CeC>2 coatings. However, CeCh-related phases in the Ni-Al-nano 

CeC>2 were not detected due to their low concentration and the resolution limit of X-ray 

diffraction. In Chapter 3, it was determined that the annealing treatment at 800 °C 

transforms the nano CeC>2 particles into nano CeA103 particles. Typical morphologies of 

the annealed pure Ni3Al coating and the 80+1 (5pm) coating are shown in Figs. 4-1 (a) 

and (b) respectively. The uniform gray matrix in the micrographs is the y -M3AI phase. 

The white particles in Fig. 4-1 (b) are CeC>2 . Significant numbers of pores in all annealed 

coatings were formed due to local densification during the melting of Al and rapid 

diffusion of Al into the Ni matrix [1,3].

Table 4-1. Characteristics of the five Ni-Al-Ce0 2  coatings used in the investigation.

Sample code Deposition condition Al content (vol%) Phases by XRD

80+0 0 g/1 Ce02 33.50±0.64 Ni3Al (s)

80+1 (5 pm) 1 g/1 CeC>2 (5 pm) 30.58±0.52 Ni3Al (s); CeC>2 (vw)

80+5 (5 pm) 5 g/1 CeC>2 (5 pm) 31.03+0.40 Ni3Al (s); Ce02 (w)

80+1 (9-15 nm) 1 g/1 Ce02 (9-15nm) 30.98±0.60 Ni3Al (s)

80+5 (9-15 nm) 5 g/1 Ce0 2  (9-15nm) 29.83±1.81 Ni3Al (s)

s: strong; w: weak; vw: very weak
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Figure 4-1. The typical morphologies of annealed Ni-Al and Ni-Al-CeCh composite 
coatings: (a) the pure M 3AI coating (80+0); (b) the 80+5 (5 pm) coating.
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4.4 Oxidation at 850 °C
4.4.1 Oxidation Kinetics

Figs. 4-2 (a) and (b) show the mass changes of the five M 3AI based coatings and 

the uncoated alloy as a function of oxidation time. All coatings had smaller mass gains 

than the uncoated alloy up to 200hr (Fig. 4-2(a)). However, the uncoated alloy was 

characterized by a smaller mass increase after 200hr. In contrast, all coatings experienced 

increased rates of mass gain after 200hr (Fig. 4-2 (b)). The 80+5 (9-15 nm) coating had 

the lowest long-term mass change of these coatings. However, no noticeable spallation 

was observed for the uncoated HP alloy coupon and all coated coupons, even after 

lOOOhr oxidation.

To understand the kinetics of cyclic oxidation, the following oxidation rate 

equation is used:

(AW) = k f  (4-1)

AW = Am/ A  (4-2)

where AW is the mass gain per unit area (mg/cm2), kis the oxidation rate constant, t is 

oxidation time (sec), n is the rate exponent, Am is the mass gain (mg), A is the sample surface 

area (cm2). Depending on the value of n , the oxidation may follow the linear law ( n «1), 

the parabolic law ( n « 0.5), or some other subparabolic relationship (n < 0.5).

Fig. 4-3 presents the log-log plots of all the coatings. All coatings quickly 

exhibited oxidation kinetics that were loosely consistent with the linear law. It is noted 

that the linear oxidation for the 80+5 (9-15nm) coating is retarded up to 300hr. A third 

oxidation stage with a decreased value of n was observed for all the coatings (Fig. 4-3 

(a)), except the 80+5 (9-15nm) coating. The latter exhibited linear oxidation behavior 

almost up to 1000 hours (Fig. 4-3 (b)).

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ma
ss

 
ch

an
ge

 
(m

g/
cm

2)

0 .3 5 - Fe-Ni-Cr
80+0 (pure Ni3AI) 
80+5 (5 jim)
80+1 (5 jim)
80+5 (9-15 nm) 
80+1 (9-15 nm)

0.25-

0 .2 0 -

0.15-

0 . 10 -

0.05-

- i— |— i— |— i— |— i— |— i— |— i— |— i— |— i— |— ■— |— i— |— i— |

20 40 60 80 100 120 140 160 180 200 220

Exposure time (hr)

Fe-Ni-Cr
80+0 (pure Ni3AI) 
80+5 (5 jim)
80+1 (5 jim)
80+5 (9-15 nm) 
80+1 (9-15 nm)

0 100 200 300 400 500 600 700 800 900 1000

Exposure time (hr)

Figure 4-2. The mass change of CeC>2-modifiecl M 3AI coatings during cyclic 
oxidation at 850 °C: (a) up to 200 hr; (b) up to 1000 hr.
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4.4.2 Morphologies of Oxide Scales
The surface morphologies (SE micrographs) o f the pure M 3AI coating after 

oxidation for different times are presented in Figs. 4-4 (a)-(c). The types of oxides on the 

surface, as determined by XRD, are summarized in Table 4-2. According to Fig. 4-4 (a) 

and Table 4-2, short-term oxidation for 10 hr resulted in the formation of fine NiO 

crystals along the grinding tracks. By 100 hr, platelet-like Y-AI2O3 had covered most of 

coating surface (Fig. 4-4 (b)). The surface of the Ni3Al-based coatings after 500 hr, as 

shown in Fig. 4-4 (c), consisted mainly of Y-AI2O3 and 0 -AI2O3 mixtures according to 

XRD results in Table 4-2. Y-AI2O3 is one of the transition alumina phases that form prior 

to the equilibrium a-A^Ch phases, and is typically formed on alumina-forming alloys or 

coatings during the early stage of oxidation [14, 23, 29-32]. It was proposed that Y-AI2O3 

might transform to either 8 -AI2O3 or 0 -AI2O3 before it transforms into 01-AI2O3 [33]. 0- 

AI2O3 is whisker-like or blade-like, and can easily be confused with the platelet-like y- 

AI2O3. The formation of transition alumina is characterized by rapid outward diffusion of 

Al cations, which results in platelet or whisker shapes [14, 15, 23, 32].

The surface morphologies of micron and nano CeC>2- modified M 3AI coatings 

during cyclic oxidation were found to be similar to that of the pure Ni3Al coating 

(nucleation of NiO crystals in the early stage and the formation of transition alumina with 

further oxidation). The transition AI2O3 grew more slowly on these Ce0 2 -modified 

coatings, especially the 80+5 (9-15 nm) coating, than on the pure M 3AI coating. Only a 

small fraction of surface area showed a noticeable amount of transition alumina on the 

80+5 (9-15 nm) coating after 500 hr, as compared to the dominant transition alumina on 

the pure Ni3Al coating (Fig. 4-4 (d)). The remaining (flat) areas were covered by platelet­

like and whisker-like alumina that could be observed only under very high magnification. 

This suggests that growth of transition alumina on the 80+5 (9-15 nm) coating was 

suppressed.
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Table 4-2. The XRD results for oxidized coatings at 850 °C after the specified time.

Sample 1 0 hr 1 0 0  hr 500 In- 1 0 0 0  hr

80+0
Ma: Ni3Al* 

Mi: NiO
Mi: y-Al20 3

Mi: Ni, NiO, 

NiAl204, y-Al20 3, 

0-Al2O3

Mo: Ni, NiO

Mo: Ni, NiO,

NiAl20 4

Mi: y-Al20 3j

0-Al2O3

Ma: NiO

80+5 

(5 pm)

Mi: NiO, 

Ce02
Mi: NiO, Ce02

Mi: NiAl20 4, 

y-Al20 3, 0-Al2O3, 

Ce02

Mo: Ni, NiO

Mo: Ni, NiAl20 4 

Mi: y-A120 3, 

0-Al2O3, Ce02 

Mo: Ni, NiO,

80+1 Mi: NiO, Mi: NiO, Mi: NiAl20 4, NiAl20 4

(5 pm) Ce02 y-Al20 3, Ce02 Y"A120 3, 0-Al2O3, 

Ce02

Mi: y-A120 3, 

0-Al2O3, Ce02

80+5

(9-15 nm)
Mi: NiO

Mi: NiO, 

y-Al20 3

Mi: Ni, NiO, 

NiAl20 4, Y‘Al203, 

0-Al2O3

Ma: NiO 

Mo: Ni, NiAl20 4 

Mi: y~A120 3, 

0-Al2O3

80+1
(9-15 nm)

Mi: NiO Mi: y_A120 3

Mi: Ni, NiO, 

NiAl20 4, y-A120 3, 

0-Al2O3

Mo: Ni, NiO, 

NiAl20 4,

Mi: y-A120 3j 

0-Al2O3

Ma: Major; Mo: Moderate; Mi: Minor.
*: M 3AI is the major phase in all coatings oxidized for all times.

4.4.3 Cross-sectional Morphologies of Oxide Scales
Cross-sectional micrographs of pure Ni3Al coatings oxidized for 100 hr and 500 

hr are depicted in Figs. 4-5 (a) and (b) respectively. The oxide scale after 100 hr was very 

thin (about 1-2 pm). A change in cross-sectional morphology was clearly evident in the
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samples after long-term oxidation. The sample after 500 hr was characterized by a thin 

compact external oxide scale and a pore-rich region in the underlying coating (it became 

an oxidation zone) (Fig. 4-5 (b)). Considerable oxides were observed on the inner 

surfaces of these pores after 500 hr. Neighboring pores were found to be interconnected 

by oxidized channels, as indicated by solid arrows in Fig. 4-5 (b). The white “islands” 

surrounded by the oxide layer were determined by EDS to contain Ni and Al, which 

suggests that they were trapped in the coating matrix. With increasing oxidation 

exposure, these islands became richer in Ni, eventually leading to a Ni solid solution with 

very low Al content. Various Ni and Ni-Al phases were also detected by XRD (Table 4- 

2). Long-term exposure produced multiple oxide products (mainly NiO, MAI2O4 spinel, 

Y-AI2O3, and 0 -AI2O3). The morphologies of the oxidized zone of the two Ce0 2  (5 pm)- 

modified M 3AI coatings and the 80+1 (9-15 nm) coating were similar to that of the pure 

M 3AI coating. Fig. 4-5 (c) shows a typical micrograph of the 80+5 (5 pm) coating 

oxidized for 500 hr, which is similar to pure M 3AI, as shown in Fig. 4-5 (b).

According to Figs. 4-2 and 4-3, the 80+5 (9-15 nm) coating exhibited a cyclic 

oxidation behavior different from that o f the other coatings. This observation is consistent 

with the cross-sectional micrograph shown in Fig. 4-5 (d). Unlike that of the other 

coatings, the surface of the 80+5 (9-15 nm) coating was covered by a thin Al-rich oxide 

layer, and no porous oxidation zone was observed in the underlying alloy. It is evident 

that the formation of oxidized channels in 80+5 (9-15nm) coating was retarded.

After 1000 hr, the oxide layer in the M 3AI coating was porous and thick, more 

than 10 pm (Fig. 4-6 (a)). The morphologies of the oxidation zones on all the other 

coatings were similar after oxidation for 1 0 0 0  hr, although their thicknesses appeared to 

vary (Fig. 4-6). The 80+5 (9-15 nm) coating showed the thinnest oxidation zone, which is 

consistent with the lowest weight gains (Fig. 4-2).
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Figure 4-5. The cross-sectional images of coatings oxidized at 850 °C: (a) 80+0 (pure Ni3Al), 100 hr; (b) 80+0 
(pure Ni3Al), 500 hr; (c) 80+5 (5 pm), 500 hr; (d) 80+5 (9-15 nm), 500 hr.
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Figure 4-6. The cross-sectional images of coatings oxidized at 850 °C for 1000 hr: (a) 80+0 (pure NiaAl); (b) 80+5 
(5 pm); (c) 80+1 (9-15 nm); (d) 80+5 (9-15 nm).



4.4.4 Cross-sectional Microstructures of Coating Layer
Fig. 4-7 (a) shows micrographs in the pure NisAl coating/Fe-Ni-Cr substrate after 

cyclic oxidation for 500 hr.

Figure 4-7. The cross section of the N^Al-based coatings and Fe-Ni-Cr 
alloy substrate after cyclic oxidation for 500 hr: (a) 80+0; (b) 80+5 (5 pm).
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In addition to the oxidation zone adjacent to the surface, the coating was 

characterized by a pore-rich zone beneath the oxidation zone and a pore-free zone in the 

coating next to the substrate. These characteristics differ from the un-oxidized coating 

shown in Fig. 4-1 (a), where the pores are homogeneously distributed across the coating. 

This suggests that the pore-free zone was formed as a result of a healing process during 

oxidation. This healing was actually observed after as little as 100 hr. It should be noted 

in Fig. 4-1(a) that the pore-free zone in the pure Ni3Al coating was much wider than that 

in the 80+5 (5pm) coating (Fig. 4-7 (b)), indicating that pore-healing was affected by 

CeC>2 particles in the coating.

The above characteristics can be also found in Figs. 4-6 (a)-(d), which depict 

cross-sectional morphologies of various coatings after 1000 hr of oxidation. In these 

micrographs, the pore-free zone has almost met the oxidation zone on the top, 

particularly in the cases of the pure Ni3Al and the 80+1 (9-15 nm) coatings. Pore healing 

was slower in the cases of the 80+5 (5 pm) and 80+5 (9-15 nm) coatings.

Compositional profiles across the coating and the substrate after cyclic oxidation 

were obtained by EPMA (Figs. 4-8 (a)-(d)). The zero point on the X axis is the location 

of the gas/oxide scale interface. Inward diffusion of Ni from the coating layer into the 

alloy substrate is significant, while that of A1 is negligible even after 1000 hr (Figs. 4-8 

(a) and (b) respectively). The substrate elements (mainly Cr and Fe) were detected in the 

coating (Figs. 4-8 (c) and (d) respectively). Evidence for diffusion of small amounts of 

Mn and Si were obtained. This behavior was observed for all the Ce0 2 -modified Ni3Al 

coatings as well.

126

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

ro

8 O-1 Ni:
100 hr 
500 hr 
1000 hr

70-

6 0 -

5 0 - A O

4 0 -re ■■ £*e»q&A
3 0 -

20 -

10 -

0 -
0 25 50 75 100 125 150 175 200 225 250

30-, 

25- 

2 0 -  

w 15- 

10 -  

5 - 

O-l

Distance (pm)
Cr:

▲

o

100 hr 
500 hr 
1000 hr

OQitl O
(C )

0 25 50 75 100 125 150 175 200 225 250
Distance (pm)

45-,

40

35

30

25
sj
=: 2 0
CO

15

1 0

5 -

0 -

> o
A

Al:
100 hr 
500 hr 
1000 hr

o o o
O o

(b)
25 50 75 100 125 150 175 200 225 250

Distance (pm)
40

35-

30-

^  25 
0s
to 20

15-|

10

5-

0

Fe:

A
O

100 hr 
500 hr 
1000 hr

■ A

■ ■
(d)

0 25 50 75 100 125 150 175 200 225 250
Distance (pm)
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Figs. 4-9 (a)-(d) show the variations in pore density (vol %) with distance into the 

coating and the position of the oxidation zone as a function of oxidation time. The zero 

point on the X axis is the location of the coating/alloy interface, and the normalized 

distance of 1.0 marks the location of the outer surface of the oxide scale. The vertical 

lines in Fig. 4-9 represent the location of the coating/oxide interface. As the thickness 

varied for individual coupons, the normalized distance rather than the actual distance was 

used for purposes of comparison. After 1000 hr, the volume fraction of pores in the 

coating next to the oxidization zone had decreased to about 3 vol% or less in the pure 

M 3AI and 80+1 (9-15 nm) coatings, about 4% in the 80+5 (5pm) coating, and 6% in the 

80+5 (9-15nm) coating (Figs. 4-9 (a)-(d)). The decrease in amount o f pore healing in the 

Ce0 2 -modified coatings compared with that in the pure N3AI coating after shorter 

exposure times was even more profound at the intermediate length of exposure. Pore- 

healing in the coating layer always started from coating/substrate interface and extended 

to the coating surface with increasing time (Figs. 4-9 (a)-(d)). This, as well as the 

observation of significant diffusion of substrate elements in the coating during oxidation 

(Figs. 4-8 (c) and (d)), suggests that pore healing is related to interdiffusion.

The 80+5 (9-15nm) coating was characterized by a very slow pore-healing rate 

and little advance of the oxidation zone within the first 500 hr (Fig. 4-9 (d)), which is 

quite different from other coatings. In the second 500 hr, the oxidation zone in the 80+5 

(9-15nm) coating had advanced significantly, but those in the other four coatings had 

advanced much less. This observation is consistent with the fact that the 80+5 (9-15 nm) 

coating did not exhibit a third stage of oxidation with a lower oxidation rate, Fig. 4-3. 

Pore healing in the second 500 hr period for the 80+5 (9-15 nm) coating was accelerated, 

but as much as 6 vol% pores still remained adjacent to the oxidized zone after 1 0 0 0  hr.
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4.4.5 Discussion
It has been suggested that N13AI alloys or coatings should form one slowly- 

growing alumina oxide scale beneath an outer NiO layer and an intermediate NiAl2 0 4  

layer when oxidized at temperatures less than 1000 °C, and should therefore possess 

excellent oxidation resistance [14, 23, 30]. The current electrodeposited Ni3Al base 

coatings during cyclic oxidation at 850 °C have shown similar behavior. However, the 

formation of alumina scales did not ensure good long-term cyclic oxidation resistance for 

the coatings. In our opinion, this inconsistency can be accounted for by considering other 

influential factors for the current coating system. Such factors include porosity in the 

coating, presence of CeC>2 particles, and interdiffusion between the coating and the 

substrate.

4.4.5.1 Effect of Porosity

The Ni3Al-based coatings studied contain large volume fractions of pores of 

micron-level diameter (Figs. 4-1 (a)-(b)). The pores in the coating matrix are closed, 

while those on the surface are open. The latter would increase the effective exposure area 

for oxidation, resulting in a higher apparent oxidation rate. Susan [14] reported that pores 

do not have a detrimental effect on the oxidation resistance of electrodeposited Ni-Al 

alloy coatings at 800 °C for periods up to 2000 hr. However, a detrimental effect of the 

pores was clearly observed in the Ni3Al-based coating we obtained. This inconsistency 

may derive from a higher pore density, more than 1 0 vol% in the current M 3AI base 

coatings, compared to only 8 vol% in the Ni-Al coatings studied by Susan [3, 14]. 

Different testing conditions may also have contribution to this inconsistency.

The pores in the coating not only increase the exposed surface area, but also act as 

stress enhancers in the presence of stresses. Residual stresses are commonly generated in 

the coating system due to the growth of oxide scale and thermal cycling [34-37]. Growth 

stress is related to the growth of the oxide scale during oxidation [34-37], while thermal 

stress is caused by thermal expansion mismatch between the coating and the oxide scale 

during cooling. By assuming a scale of equal thickness on each 20x10 mm2 face of the 

coated coupon, the thermal stress can be estimated as [35, 37]:
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where a oxand a m are the thermal expansion coefficients o f the metal coating and the oxide,

respectively; AT is the difference between room temperature and the oxidation temperature; o ox

is the thermal stress in the oxide layer; Eoxand Em are the Young’s modulus for the oxide and

the metal coating respectively; tox and tm are the thickness o f the oxide and the thickness o f the

coating plus substrate respectively; o mis the stress in the matrix. Most oxides such as

MAI2O4, a-Al2 0 3  and Y-AI2O3 have lower thermal expansion coefficients than the N13AI 

alloy (Table 4-3). Therefore, according to Equation (4-3), tensile stresses in the current 

M 3 A1 coatings can be expected upon cooling.

Table 4-3. Some mechanical properties of oxides and the coating matrix.

M 3AI y-Al2 0 3 (X-AI2O3 MO MAI2O4

Theraml expansion

coefficient, 12.5 2.60 8 . 1 0 15 1 0

a  (x10‘6/K)

Poisson’s ratio, v 0.305 0.24 0.23

Young’s modulus, 

E (Gpa)
168 253 340

Density, g/cm3 7.65 3.67 3.78 6.67

Reference [38, 39] [40] [41] [42] [42]
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In the early stage of cyclic oxidation, the coating surface and the inner surfaces of 

the open pores were oxidized slowly (Fig. 4-10 (a)). Compressive stresses would develop 

in the oxide layer, and tensile stresses in the M 3AI base coating. The latter can be 

magnified around the tips of pores in the coatings. Because the pores can be treated as 

internal notches, the stress concentration can be calculated by [43]:

where (Jtjp is the stress at the notch tip; <rapp is the tensile stress on the Ni3AI coating; c is the 

notch length; p is the radius of curvature of the notch. For brittle materials, such as NijAl, a 

crack can be propagated if  the local stress at the tip exceeds the tensile fracture stressescof 

Ni3Al, which was determined to be about 500MPa for the pure stoichiometric Ni^Al [44], 

Considering only the thermal stress during cooling after lOOhr, a app was calculated to be

3.60 MPa using Equation (4-3-1) and (4-3-2). This calculation is based on the 

assumptions that only a Y-AI2O3 layer with a thickness of 1.5 pm is formed on a coating 

that is 150 pm thick, and secondly that c can be given an average value of 1.0 pm 

according to the SEM micrographs. From Equation (4-4), p  must be less than 2x1 O' 4 pm 

in order for a tip to exceed o c.

Although the direct propagation of a crack by thermal stress alone seems unlikely, 

the plastic deformation by the magnified stress at the tip is quite possible. Internal 

diffusion of oxygen through dislocation pipes may produce sharp oxidized channels 

connecting other nearby pores (Fig. 4-10). This oxidation mechanism can become 

dominant as the time of oxidation is increased, when the growth stress is increased due to 

thicker oxide scale. The formation of interconnected channels between the pores 

increases the dimensions of defects and their sharpness in the coating; this, in turn, causes 

an increase in the tensile stresses acting at the tip of the defects. This would further 

accelerate the process of oxidation.

(4-4)
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Figure 4-10. Schematic illustration showing the formation of oxidized channels in 
porous NisAl-based coatings during cyclic oxidation: (a) Initial stage of oxidation; (b) 
Formation of interconnected oxidized channels.

The formation of interconnected oxidized pores may also result from the 

Kirdendall diffusion effect, as observed in dense Ni-Al alloys [24, 45-47]. At 850 °C, the 

growth of AI2O3 on the surface of pure M3AI coating or on the inner surface of a pore is 

characterized by the dominant outward diffusion of A1 (Figs. 4-4). As a result, the inward 

vacancy flux would occur and may be condensed at the scale/coating matrix interface 

into voids. For the coating matrix adjacent to the scale, the depletion of A1 due to the 

formation of AI2O3 causes the inward diffusion of Ni. The Kirdendall vacancies could 

also lead to the formation of voids at the scale/coating interface or at the grain boundaries 

of the coating.

Due to high porosity, the active path of diffusion was readily formed between the 

oxidized and non-oxidized pores, allowing inward diffusion of oxygen [24, 46, 47]. This 

is evidenced in Figs. 4-5 (b) and (c), where the oxide layer appears defective and 

thickened (probably as a result of cracking of oxide scale and/or oxidized channels 

between pores by high residual stresses). The latter would increase the direct exposure of
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the coating matrix to oxygen, which would result in higher mass change of the coating (as 

was observed in the intermediate stage).

The above discussion provides an explanation for the low oxidation rate observed 

in the early stage of oxidation and the high oxidation rate in the intermediate stage. The 

occurrence of the third oxidation stage with a decreased oxidation rate in some coatings is 

also consistent with the model. The rapid healing of pores in the pure M 3AI, 80+5 (5 

pm), 80+1 (5 pm) and 80+1 (9-15 nm) coatings greatly decreases the stress concentration 

in the coatings and thus the risk of forming interconnected oxidized channels. Therefore, 

an improvement in oxidation resistance of these coatings can be expected. The absence of 

the third oxidation stage in the 80+5 (9-15 nm) coating, on the other hand, can be 

attributed to the slow pore-healing in the coating. This abnormal behavior in the 80+5 (9- 

15 nm) coating is related to the effect of CeC>2 particles, which are further discussed in 

the following section.

4.4.5.2 Effect of Ce0 2  Particles on The Stability of The Scale

The 80+5 (9-15 nm) coating has a low pore-healing rate, but maintains a stable 

oxide scale for up to 500 hr. These two factors should have opposing effects on the 

oxidation resistance, but a low oxidation rate was observed. The underlying cause of this 

behavior is related to the presence and the size of the CeC>2 particles, in terms of 

supplying Ce+4 ions, which are believed to be beneficial to the oxidation resistance of 

alloys or coatings. Ce+4 ions were found to segregate at the grain boundaries of the 

protective oxide, which blocks the outward diffusion of metal via oxide grain boundaries, 

prevents coarsening of the oxide grains, and decreases the growth rate of the oxide layer 

[20, 32, 48-50]. In the present study, the fine-grained thin oxide film could lead to lower 

growth stress and thermal stress in the oxide layer, and thus the level of tensile stresses in 

the coating. The oxide film also helps to improve the resistance of the oxide layer to 

cracking. The suppressed outward A1 flux can reduce Kirkendall vacancies and the 

formation of voids. These beneficial effects, in turn, can maintain a thin compact scale 

against the inward diffusion of oxygen, and thus retard the oxidation in the intermediate 

stage.
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It has been reported that ceria particles above 10 nm cannot serve as effective 

sources of Ce+4 ions [49]. This appears to be true for the micron CeC>2 (5 pm)-modified 

M 3AI coatings obtained in this study, as the ceria particles remained detectable even after 

long-term exposure, indicating that large fraction of CeC>2 did not decompose into Ce+4 

ions. On the other hand, these large ceria particles themselves may provide short-circuit 

paths for oxygen diffusion, resulting in higher oxygen pickup in coatings [32, 49]. It was 

determined that nano Ce0 2  particles transformed into CeAlOs during the annealing 

treatment in Chapter 3. In an oxidizing environment, CeA103 decomposes to AI2O3 and 

Ce0 2 . Due to their large surface areas, these nano Ce0 2  particles and the decomposed 

CeA1 0 3  phases are probably more effective in providing Ce4+ ions.

The slowly-growing thin oxide layer observed on the 80+5 (9-15 nm) coating is 

attributed to its ability to supply Ce4+ ions. It has relatively high nano CeC>2 content, and 

can supply enough Ce4+ ions into the oxide layer to maintain a high-quality scale. 

Consequently, the formation of interconnected oxidized channels does not occur until a 

later stage. This beneficial effect is eventually compromised by the formation of 

interconnected oxidized channels due to a high volume fraction of pores and increased 

residual stresses in the coating even after long-term oxidation. In the 80+1 (9-15 nm) 

coating, rapid formation of interconnected oxidized channels during long-term exposure 

might be caused by insufficient CeC>2 in the coating to stabilize the protective oxide scale. 

Both micron CeC^-modified coatings lack Ce4+ ions due to slow decomposition of the 

large CeC>2 particles in the early stage, resulting in the rapid formation of a severely 

oxidized zone (similar to the CeC^-free pure N13AI coating).

4.4.5.3 Effect of Interdiffusion

Interdiffusion is a common problem in protective coating systems at high 

temperatures. In the Ni3Al-based coating/Fe-Ni-Cr systems studied here, interdiffusion 

becomes obvious even in the early stage of oxidation (100 hr). In addition to the 

existence of a concentration gradient between the coating and the substrate, the pores in 

the coatings accelerate interdiffusion by creating a high vacancy flux and providing short-

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



circuit paths for diffusion. Interdiffusion was found to change the coating morphology by 

healing inherent pores. The NijAl-based coatings were formed via a solid diffusion 

reaction between the A1 particles and the Ni matrix, which is similar to the sintering of 

powders in powder metallurgy. Pores are healed by a rapid atom flux to the pores, and by 

vacancy flux from the pores to vacancy sinks such as grain boundaries, interfaces, and 

free surfaces [51]. During cyclic oxidation at 850 °C, the healing of pores is not uniform 

across the coating thickness, suggesting that sintering is not the only mechanism for 

healing. It is believed that the rapid healing of pores in the current coatings was caused 

mainly by the outward flux of substrate elements such as Fe, Cr, Mn, Nb and Si.

The fact that the depths of interdiffusion of Ni and A1 into the substrate are much 

shorter than those of Cr and Fe into the coating (Figs. 4-8) suggests that the outward flux 

of substrate elements into the coating might be larger than the inward flux of Ni and A1 to 

the substrate. Consequently, a net inward flux of vacancies to the substrate would occur. 

This can account for the observation that the pore-free zone began at the coating/substrate 

interface, and gradually extended to the coating surface with time. Further theoretical 

calculation of the interdiffusion rate for each element is required to verify this 

explanation.

The existence of substrate elements in the coatings may affect their oxidation 

resistance. Cr was found to improve the isothermal oxidation resistance of Ni3Al [23, 52, 

53], but to decrease the cyclic oxidation resistance [52]. Si has been reported to have little 

effect on the isothermal oxidation of Ni-Al coatings in air [14, 15]. The effects of Fe and 

Mn on the oxidation of M 3AI have not been reported to date. The effects of substrate 

elements due to interdiffusion on cyclic oxidation of the current NisAl-based coatings are 

probably small, as, according to the EPMA analysis, the content of these elements was 

low at the external surface of the coating even after 1 0 0 0  hr,.

4.4.5.4 Pore-healing Behavior

Fig. 4-11 shows the pore-healing behaviors of the five coatings after 500hr.
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Figure 4-11. Pore density (vol%) as a function of normalized distance to the coating/matrix 
interface in various Ni3Al based coatings after cyclic oxidation at 850 °C for 500 hr.

Pore healing in the pure Ni3Al coating is obviously more rapid than that in the 

CeC>2-modified coatings. A decrease in the pore healing is clear in the 80+5 (9-15 nm) 

coating. The pure Ni3Al coating, as well as the 80+1(5 pm) and 80+1 (9-15 nm) coatings 

with low CeC>2 content, display more rapid pore healing during long-term oxidation than 

the 80+5 (5 pm) and 80+5 (9-15 nm) coatings (Fig. 10). Based on the above 

observations, the different pore-healing behaviors may be linked to ceria additions in the 

coatings. It was reported that the mobility of metal vacancies can be significantly 

decreased by large reactive ions such as Ce4+ and La3+ due to defect interaction [50], It is 

reasonable to assume that Ce4+ ions in the current coatings would interfere with the 

vacancy flux to vacancy sinks, such as the external coating surface or the coating/alloy 

interface, which slows the rate of pore healing. Because it is rich in Ce4+ ions, a slow rate 

of pore healing in the 80+5 (9-15 nm) coating can be expected. The 80+5 (5 pm) coating, 

due to higher CeC>2 content, may provide more Ce4+ ions by decomposition than the two 

80+1 coatings. In addition, the oxide scale on the coating will affect the extent of pore 

healing, particularly for the 80+5 (9-15 nm) coating. The pores were quickly healed after
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500 hr, in accordance with the breakdown of the dense and compact AI2O3 scale and the 

formation of the severely oxidized zone. The severely oxidized zone provides more short- 

circuit paths for the flow of vacancies to the external coating surface, and thus accelerates 

healing of the pores.

4.4.6 Conclusions
The cyclic oxidation behaviors of a pure M 3AI coating, two Ce0 2  (5 |im)- 

modified coatings and two CeC>2 (9-15 nm)-modified N13AI coatings on Fe-Ni-Cr 

substrates at 850 °C for periods of up to 1000 hr were investigated. Some conclusions are 

as follows:

1. All the NisAl-based coatings showed good cyclic-oxidation resistance in the 

early stage, followed by a lower oxidation resistance in the intermediate stage 

of exposure. With further increase in oxidation time, however, the oxidation 

resistance was observed to be improved for all coatings except the one 

modified by a high content of nano CeC>2 particles.

2. The presence of a high volume fraction of pores in all the coatings was found 

to be responsible for the deterioration in oxidation resistance in the 

intermediate stage; this was due to the formation of oxidized channels 

between neighboring pores.

3. The pores in the coating were observed to become self-healed with increasing 

exposure time. Pores close to the interfaces between the coating and the 

substrate were healed first, followed by those near the coating surface. An 

improvement in oxidation resistance was observed after long-term exposure, 

when the pore-free zone extended to the oxidation zone close to the surface.

4. The healing of pores and the stability of the oxide scale can be greatly 

influenced by CeC>2 particles in the coating, particularly nano particles. N13AI 

coatings containing a large number of nano CeC>2 particles formed much more 

stable oxide scale, but showed very slow pore-healing. This behavior was 

attributed to an abundance of Ce4+ ions in the coating, following 

decomposition of the nano CeC>2 particles.
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4.5 Oxidation at 1050 °C
4.5.1 Oxidation Kinetics
Fig. 4-12 presents the mass changes of pure and CeCh-modified Ni3Al coatings after 

oxidation at 1050 °C for periods up to 500 hr.
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Figure 4-12. The cyclic oxidation results of the pure and the Ce0 2 -dispersed Ni3Al 
coatings after oxidation at 1050 °C for 500 hr.

The uncoated HP alloy experienced severe spallation during cyclic oxidation, and 

exhibited high mass gains after 500hr. The pure Ni3Al coating exhibited a low mass 

change in the initial stage of oxidation, but a rapid increase of mass gain after 150 hr, 

indicating the breakaway oxidation. Similar to the Fe-Ni-Cr alloy, the pure Ni3Al coating 

suffered severe spallation during thermal cycling. The CeCVdispersed Ni3Al coatings, 

especially the 80+1 (5 pm) coating and the 80+1 (9-15 nm) coating, had much better 

cyclic oxidation resistance and much less spallation than Fe-Ni-Cr alloy and the pure 

Ni3Al coating. The 80+5 (5 pm) coating had a higher mass gain than the other three 

CeC^-dispersed Ni3Al coatings (Fig. 4-12).
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4.5.2 Morphologies of Oxide Scales
4.5.2.1 Pure M3AI Coating

Fig. 4-13 (a) depicts the surface morphology of the pure Ni3Al coating after 

oxidation for 10 hr. Spallation is clearly evident on the pure Ni3Al coating after the first 

run of the cycle. The spallation left behind bare Ni-Al grains, pores, and some residual 

oxides. In addition to those formed during annealing treatment, pores were observed in 

oxide scales left on the surface (black arrow in Fig. 4-13 (a)). In the non-spalled areas 

(Fig. 4-13 (b)), whisker-like oxides and some blocky oxide crystals were observed, 

formed preferentially along the grinding tracks. EDS analysis demonstrated that the 

whisker-shape oxides were rich in Al, whereas the blocky oxide crystals were rich in Ni. 

Those Al-rich oxides were possibly the transition alumina, 0 -AI2O3, which has often been 

observed in the early stage of oxidation for Ni-Al alloys at temperatures above 900 °C 

[15, 23, 54, 55]. Whisker-like 0 -AI2O3 is formed due to a dominant outward diffusion of 

Al cations [15, 31, 54]. 0 -AI2O3 can either react with the initially-formed NiO to form 

NiAl2 0 4  0 r transform into equilibrium 01-AI2O3 in the later stage of oxidation [15, 54, 55], 

both of which were detected by XRD after 100 hr oxidation (Table 4-4).

Table 4-4. The XRD analysis of oxide products on oxidized coating samples.

Sample 100 hr 500 hr

80+0 w: 01-AI2O3, NiA^CU m: 01.-AI2O3 

w: NiCrC>3, Q 2O3

80+5 (5 pm) w: a-AbCb, NiAl2C>4, CeCh m: a-AEC^NiAFCXt 
w: Ce0 2 , Cr-0

80+1 (5 pm) w: 0C-AI2O3, NiAl2 0 4 , w: CeC>2
m: a-A^C^NiAbC^ 
w: CeC>2, Cr-0

80+5 (9-15 nm) w: a-AbCb, MAI2O4, MnCrC>4
m: a-Al2 0 3 , MAI2O4 

w: Cr-0

80+1 (9-15 nm) w: (X-AI2O3, MAI2O4
m: (X-AI2O3, MAI2O4 

w: Cr-0
Ni3Al is the strong peak for all samples.
m: moderate; w: weak.
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Figure 4-13. The surface morphology o f  the pure N 13AI coating after oxidation at 1050
°C for 10 hr: (a) a low-magnification view; (b) a high-magnification view.
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Spallation continued with increasing cyclic oxidation. By 500 hr, the original 

grinding tracks all disappeared (Fig. 4-14 (a)). Fig. 4-14 (b) shows the surface 

morphology at higher magnification. The surface is featured with dominant fine particles 

and some large block-like crystals (white solid arrows), which were determined by EDS 

and XRD to be CX-AI2O3 and (Ni,Cr)C>3 or Cr2 0 3  respectively (Table 4-4). The 

observation of (Ni,Cr)C>3 or Cr2 0 3  indicates the diffusion of substrate elements to the 

coating surface.

Figure 4-14. The surface morphology of the pure Ni3Al coating after oxidation at 1050 
°C for 500 hr: (a) a low-magnification view; (b) a high-magnification view.
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Fig. 4-15 (a) shows the polished cross-section of the oxide scale on the pure Ni3Al 

coating after 500 hr. Only an Al-rich oxide layer of about 6  pm thick, determined to be 

(X-AI2O3 by XRD analysis (Table 4-4), was observed on the pure Ni3Al coating. Many 

large voids (white arrows) several microns in diameter were observed in the 01-AI2O3 

scale. The fractured AI2O3 scale had a dominant equiaxed grain structure (Fig. 4-15 (b)), 

suggesting the outward diffusion of Al cations along the grain boundaries during the 

growth of Al2 0 3 scale [32, 48]. Some tiny voids were also seen at the scale/coating 

interface and at the scale grain boundaries, as shown in Figs. 4-15 (c) and (d) 

respectively.
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Figure 4-15. The morphology of AI2O3 scale on the pure M 3AI coatings after 
oxidation at 1050 °C for 500 hr: (a) the polished cross section; (b) the fracture surface 
(low-magnification view; (c) the scale/coating interface; (d) the fractured oxide 
surface (high-magnification view).

4.5.2.2 CeC>2-dispersed M3AI Coatings

However, the four Ce0 2 -dispersed M3AI coatings did not suffer spallation after 

the first 10 hr run. A typical surface morphology of the 80+1 (9-15 nm) coating is evident 

in Figs. 4-16 (a) and (b), where the original grinding tracks remain visible throughout the 

surface after oxidation (an indication of little spallation). The morphology of surface 

oxides on the 80+1 (9-15 nm) coating after oxidation for 10 hr (Fig. 4-16 (b)) is similar to 

that on the pure M3AI coating. Ni-rich oxide crystals were always located in the Ce-rich 

region (white solid arrow in Fig. 4-16 (b)). They were also observed at many other 

locations and in all the CeCh-dispersed N13AI coatings.

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4-16. The surface morphology o f  the 80+1 (9-15 nm) coating after oxidation at
1050 °C for 10 hr: (a) a low-magnification view; (b) a high-magnification view.
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The area fraction of whisker-like 0 -AI2O3 oxides on the 80+5 (9-15 nm) and the 

80+5 (5 pm) coating was much lower than that on the pure M 3AI coating coating and on 

the other two CeCVdispersed M 3AI coatings containing fewer Ce0 2  particles, suggesting 

that the outward growth of 0 -AI2O3 on the 80+5 (9-15 nm) coating and the 80+5 (5 pm) 

coating was retarded. All CeCVdispersed M 3AI coatings showed less spallation than the 

pure M 3AI coating during the long-term exposure. The original grinding tracks were still 

retained on the surface of the 80+1 (9-15 nm) coating after 500 hr exposure (Fig. 4-17

(a)), which was also observed in other three CeC>2 dispersed coatings. Surface oxides on 

the 80+1 (9-15 nm) coating were mainly (Ni, Al, Cr)-type and Al-rich (Fig. 4-17 (b)), 

which is distinct from those on the pure M 3AI coatings.

Grinding
tracks

Spalled
region
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Figure 4-17. The surface morphology o f  the 80+1 (9-15 nm) coating after oxidation at
1050 °C for 500 hr: (a) a low-magnification view; (b) a high-magnification view.

Fig. 4-18 (a) presents the polished cross section of the 80+1 (9-15 nm) coating 

after 500 hr exposure. Based on the XRD analysis in Table 4-4 and the EDS analysis, a 

duplex-oxide structure with the outer N1AI2O4 spinel and the inner thin (X-AI2O3 adhered 

to the 80+1 (9-15 nm) coating. This duplex-oxide structure was a typical characteristic of 

Ce0 2 -dispersed Ni3Al coatings. Voids several microns in size were found mainly in the 

spinel layer, but less so in AI2O3 scale. The AI2O3 scale on the 80+1 (9-15 nm) coating 

was thinner than that on the pure Ni3Al coating after 500 hr (Fig. 5(a)). The fractured 

surface of the oxide scale after 500hr is presented in Fig. 4-18 (b). The thin AI2O3 scale 

had a columnar-grain structure, which was distinct from the equiaxed grain structures 

found on the pure Ni3Al coating in Fig. 4-15 (b). Formation of columnar grains was 

associated with the inward diffusion of oxygen during the growth of scale [32, 48]. The 

scale was dense, and no voids were seen at the grain boundaries.
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Figure 4-18. The morphology o f AI2O3 scale on the 80+1 (9-15 nm) coatings after
oxidation at 1050 °C for 500 hr: (a) the polished cross section; (b) the fracture surface.
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A cross-sectional view of the 80+5 (5pm) coating is depicted in Fig. 4-19 (a). The 

oxide layer had a duplex structure similar to that on the 80+1 (9-15 nm), but it was much 

thicker than those on other CeC>2-dispsered M 3AI coatings after oxidation for 500 hr. This 

is consistent with the highest mass increase of the 80+5 (5 pm) coating during the cyclic 

oxidation (Fig. 4-12). Becuase the 80+5 (5 pm) coating contained the highest amount of 

CeC>2 among the CeCb-dispsered M 3AI coatings, excessive CeC>2 particles seemed to 

enhance scale growth. The void-free AI2O3 scale with columnar grains is clearly visible 

in Fig. 4-19 (b). The outer NiA^C^ spinel scale is featured with a blocky morphology.
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Figure 4-19. The morphology of AI2O3 scale on the 80+5 (5 pm) coatings after 
oxidation at 1050 °C for 500 hr: (a) the polished cross section; (b) the fracture surface.

4.5.3 Ce02 Particles in Coatings and Oxide Scales
Fig. 4-20 (a) is a backscattered electron micrograph showing the distribution of 

micron CeC>2 particles in the 80+5 (5pm) coating, where CeC>2 particles (white phases) 

are homogeneously dispersed in the M 3AI coating matrix. Matrix material surrounding 

the white CeC>2 particles is always less dark on backscattered electron micrographs, 

which may be attributed to a lower A1 content in those regions. This may explain the 

observation of prevailing Ni-rich oxides formed in Ce0 2 -rich regions in the early stage of 

oxidation (as seen in Fig. 4-16 (b)). Although a direct observation of nano CeC>2 particles 

is impossible from the polished cross-section of the coating due to the limitation of SEM, 

the plain view can provide an indirect indication of the location of nano CeC>2 particles. 

The several dark regions (less than 800 nm) pointed to by white solid arrows (Fig. 4-20

(b)) were identified to be rich in Ce by EDS analysis. These Ce-rich regions are normally 

located at a convergence of Ni-Al grain boundaries.
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Figure 4-20. The distribution of CeC>2 particles: (a) in 80+5 (5 pm) coating (cross- 
sectional view) (BSE); (b) in 80+5 (9-15 nm) coating (plain view) (SE).
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The distribution of CeC>2 particles in the coatings after long-term oxidation is 

shown in Fig. 4-21 (a). In the figure, some nano-size particles (less than 200nm) were 

found to locate at Ni-Al grain boundaries of the 80+5 (9-15nm) coating after 500hr 

exposure. An AES spectrum from the largest nano particle in Fig. 4-21 (a) is shown in 

Fig. 4-21 (b), clearly demonstrating the presence of Ce and O.
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Figure 4-21. Nano CeC>2 particles in the 80+5 (9-15 nm) coating after oxidation at 
1050 °C for 500 hr: (a) Secondary electron image; (b) AES spectrum.

153

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Detection of CeCh in AI2O3 scale was very difficult, because of the extremely low 

doping concentration of CeC>2 and the detection limit of analyzing techniques, except for 

the 80+5 (5pm) coating with higher CeC>2 content. Fig. 4-22 (a) is a cross-section 

micrograph of the oxide scales on the 80+5 (5 pm) coating after 500 hr oxidation. Some 

Ce-rich particles in the MAI2O4 spinel layer were identified using EDS analysis. 

Doychak et al. [31] also observed Zr-rich precipitates throughout the NiAl2 0 4  layer 

formed on the Zr-doped N13AI alloy after oxidation at 1200 °C for 25 hr. With the aid of 

the JAMP-9500F Field Emission Auger Microprobe, CeC>2 was also detected in a-Al2 0 3  

(Fig. 4-22 (b)). AES spectrums from both Area 1 and Area 2 in Fig. 4-22 (b) are 

compared in Fig. 4-22 (c). There was a weak peak of Ce in Area 1, whereas the spectrum 

of area 2 indicated the exclusive AI2O3 scale. Fig. 4-22 (d) provides the line scan of area 

1 in Fig. 4-22 (b). There were at least three Ce-rich regions along the scanned line (Fig. 

4-22 (d)). The Ce-rich regions were less than 100 nm, and the interspacing between these 

regions was about several hundred nanometers. As the solubility of CeC>2 in (X-AI2O3 was 

negligible, the Ce-rich precipitates found in Fig. 4-22 (d) might be present at the grain 

boundaries of (X-AI2O3. Other researchers have also found the presence of reactive- 

element-rich phases at the grain boundaries of the oxide scale, such as NiO [25, 56], 

Cr20 3 [57, 58], and A120 3 [31, 59],
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Figure 4-22. The distribution of CeCh particles in the oxide scales on the 80+5 (5 pm) 
coating after oxidation at 1050 °C for 500 hr: (a) in the NiA^C^ spinel scale; (b) in the 
(X-AI2O3 scale; (c) the AES spectrums of area 1 and area 2 in Fig. 4-22 (b); (d) the 
AES spectrums of line scan along area 1 in Fig. 4-22 (b).
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4.5.4 Cross-sections of Oxidized Coatings
Cross-sections of the pure NijAl coatings after oxidation for 10 hr, 20 hr and 500 

hr are illustrated in Figs. 4-23 (a), (b) and (c) respectively.

Figure 4-23. The cross-section morphologies of M 3AI base coatings after being cyclically 
oxidized at 1050 °C: (a) the pure M 3AI coating after 10 hr; (b) the pure NijAl coating 
after 20 hr; (c) the pure M 3AI coating after 500 hr; (d) the 80+5 (5 pm) coating after 500 
hr.

Two layers—a top high-porosity layer and a pore-free layer next to the 

coating/alloy interface—were seen in the pure M 3AI coating after oxidation for 1 0  hr 

(Fig. 4-23 (a)). Because all coatings before testing contained large amounts of pores that 

are homogeneously distributed in the coatings (Figs. 4-1 (a) and (b)), it is clear that a 

large fraction of pores has been healed in the first lOhr-run cycle. Most pores were 

eliminated after as little as 20 hr (Fig. 4-23 (b)). By 500 hr, the whole coating was free of 

pores (Fig. 4-23 (c)). All Ce0 2 -dispersed Ni3Al coatings showed a pore-healing behavior
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similar to the pure M 3AI coating during oxidation at 1050 °C. A typical cross-section of 

the 80+5 (5 pm) coating after oxidation for 500 hr is shown in Fig. 4-23 (d). The healing 

of pores started near the coating/alloy substrate, and then extended to top of the coating. 

Interdiffusion between the coating and the substrate is the main reason for the healing of 

pores. However, pores in those coatings oxidized at 850 °C cannot be healed completely 

even after 1000 hr. Internal oxides and the Kirdendall pores along the coating/substrate 

interface were observed in the pure Ni3Al coating (Fig. 4-23 (c)). EDS analysis showed 

that these internal oxides were mixtures of O, Al, Ni, Cr, and Fe. Because the four edge 

surfaces of the rectangular coupon were not coated, oxygen might have diffused inward 

along the exposed coating/substrate interface to cause internal precipitation of oxides. 

The internal oxidation, however, occurred to a very minor extent in the four CeC>2- 

dispersed M 3AI coatings, as typically shown in Fig. 4-23 (d).

Fig. 4-24 provides the normalized composition profiles of Al in the pure M 3AI 

coating, the 80+1 (5 pm) coating, and the 80+1 (9-15 nm) coating after 500 hr exposure.
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Figure 4-24. The composition profile of Al in the pure N13AI coating, the 80+1 (5 pm) 
coating, and the 80+1 (9-15 nm) coating after being cyclically oxidized at 1050 °C for 
500 hr.
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According to Fig. 4-24, Al in all the three coatings has diffused inward to the 

substrate alloy after 500hr. All three coatings experienced a loss o f Al, and the pure 

Ni3Al coating had the highest loss of Al—more than 20% of Al after 500hr. The EPMA 

analysis also showed that all Ni3Al-based coatings contained about 6 .0-6.5 at% Fe, 4.0- 

4.5at% Cr, 1.0-1.5at% Si, and minor Mn and Nb from the substrate after 500 hr exposure.

4.5.5 Discussion
4.5.5.1 Effect of Porosity

The pure and CeC^-dispersed Ni3Al coatings obtained in this study have a high 

volume fraction of porosity (more than 10vol%). The detrimental effects of porosity on 

the long-term cyclic oxidation resistance of the coatings at 850 °C were discussed in 

Section 4.4. In view of the fact that the porosity dominates the cyclic oxidation of Ni3Al 

base coatings, the effect of CeC>2 on the oxidation at 850 °C can’t be well defined. At 

1050 °C, because all the coatings become dense within 20 hr, the effect of porosity will 

be limited only in the first a few cycles. The beneficial effects of CeC>2 particles on 

suppressing the spallation of oxide scales on Ni3Al coatings during long-term cyclic 

oxidation at 1050 °C are evident from the experimental results.

4.5.5.2 Failure of AI2O3 Scale on Pure Ni3Al

Scale failure on pure alumina-forming alloys, including Ni3Al alloys, during high 

temperature oxidation has been studied extensively. It is generally believed that the 

failure of oxide scale is related to internal compressive stresses resulting from the growth 

stress, the thermal stress, and the interfacial stress [20, 36, 37, 48, 60]. Based on the

assumption that scale failure at a wavy scale/matrix interface was caused only by the

internal compressive stresses, Rahmel et al. [20] proposed a fracture-mechanics equation 

to elucidate the failure of the oxide scale:

K i C  f  I d  / *

~ £c = . A - ---------  (4-5)f ^ K * c  m

m = - ^ — (4-6)
1 +L>
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where £cis the critical strain parallel to the scale/matrix interface for the failure o f the oxide 

scale; K 1C is the fracture toughness o f the scale; f  is the geometrical factor, which is equal to 

1; cis the half length of a physical defect at the site o f the maximum interfacial strain; r is the 

depth of the oxide intrusion into the matrix; d is the scale thickness; Eox is the Young’s modulus

for the oxide scale, and uox is the Poisson ration of the scale. Although the applicability of

Equation (4-5) is not yet verified, it provides a good theoretical basis to qualitatively 

account for the various factors affecting the failure of oxide scale, and thus the possible 

beneficial effects of rare earth elements or oxides [20,48].

The marginal oxidation resistance of the pure M 3AI coating at 1050 °C can be 

attributed to the presence of compressive thermal stress in the scale upon cooling due to 

the mismatch of thermal expansion coefficients between the alumina scale and the M3AI 

matrix. Thermal stress in the scale can be estimated using Equation (4-3). By assuming 

that only an a-A^Ch scale with a thickness of 1 pm is formed on both surfaces of the 

substrate of about 2.3 mm thick after lOhr oxidation at 1050 °C, and adopting the data 

from Table 4-3, the compressive thermal stress in the scale can be estimated to be as high 

as 1.95 GPa, which is close to the ultimate compressive strength limit of bulk (X-AI2O3, 

about 2.07 GPa [61]. Scale failure caused by mechanical forces becomes even more 

likely when the growth stress and the interfacial stress are also considered.

The formation of interfacial and/or internal voids in the oxide scale (Fig. 4-15 (c) 

and (d)) is another critical factor in scale failure. These voids are commonly observed in 

the alumina-forming alloys or coatings such as pure NiAl and M 3AI during high 

temperature oxidation [48, 62]. They often result from a condensation of excessive 

vacancies at the grain boundaries and/or the scale/coating interface. The vacancy flux 

may be induced either by dominant outward diffusion of Al cations through the scale, or 

by faster inward diffusion of Ni in the Al-depleted matrix adjacent to the scale due to a 

selective oxidation of Al [24, 48, 63]. Some large voids of several microns were observed 

in the AI2O3 scale during the cyclic oxidation (Fig. 4-15 (a), 4-18 (a) and 4-19 (a)). It is 

unlikely that voids of this size are formed by vacancy condensation. Recently, Pint [62]

160

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



had proposed a ridge-growth model to explain their formation. As the inward diffusion of 

oxygen anions and the outward diffusion of Al cations occurred simultaneously along the 

scale grain boundaries during the formation of AI2O3, corresponding inward and outward 

growth of the oxide ridges would occur and eventually seal off to form big internal voids. 

The voids at the scale/matrix interface can be further stabilized and enhanced by 

impurities (e.g., sulfur) segregated at the scale/matrix interface [63-65]. The existence of 

voids can significantly deteriorate the K IC of the oxide scale. According to Equation (4- 

5), large voids (c )  combined with a low K IC value give a very low critical strainec for

spallation. The high thermal stress upon cooling, as well as other residual stresses (as 

discussed earlier), could induce scale cracking or decohesion around these voids.

Severe spallation of AI2O3 scale requires continuous consumption of Al in the 

pure N13AI coating to regenerate AI2O3 scale. This, as well as the inward diffusion of Al 

to the substrate, results in a rapid decrease of Al content in the coating matrix (Fig. 4-24), 

which, in turn, deteriorates the coating performances and limits the lifetime of coating.

4.5.5.3 Effect of CeC>2 Particles

As in the case of the pure Ni3Al coating, large internal voids were found in AI2O3 

scale and the spinel layer on the CeC>2-dispersed M 3AI coatings. However, these voids 

don’t lead to severe spallation, and a certain fraction of the porous spinel oxides formed 

in the early stage of oxidation is retained on the coating surface. The addition of nano and 

micron Ce0 2  particles evidently enhances the adherence of the scale to the coating matrix 

and increases the threshold value of the scale for cracking or spalling. The so-called 

“reactive-element effect” (REE) has been extensively studied and reported for more than 

half a century, and well-reviewed in the literature [20, 24, 48, 6 6 ]. The possible beneficial 

effects of CeC>2 found in this investigation can be cataloged as follows based on the:

• CeC>2 particles suppress the formation of interfacial or internal voids [20, 24, 

32, 61]. REOs such as CeC>2 particles are good vacancy sinks, and they 

provide alternative sites for vacancy condensation. Consequently, vacancy 

condensation at the scale grain boundaries or the scale / coating interface is
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mitigated, which is confirmed by the observation of a dense AI2O3 scale on 

the CeC>2-dispersed Ni3Al coatings (Fig. 4-18 (b) and 4-19 (b)). This will 

decrease the defect size (c )  and increase theK IC value of the oxide scale. As

a result, a high critical strain, <5 c, for spallation can be expected according to

Equation (4-5).

• CeC>2 particles alter the growth mechanism and the morphology of AI2O3 scale 

[32, 35, 50, 56, 67, 6 8 ]. As discussed earlier, the addition of CeCh particles 

changes the dominant outward diffusion of Al through the undoped AI2O3 

scale (Fig. 4-15 (b)) to the dominant inward diffusion of oxygen via the doped 

AI2O3 scale (Fig. 4-18 (b) and Fig. 4-19 (b)). Because inward diffusion of 

oxygen is much slower than outward diffusion of Al, the growth of the doped 

scale can be retarded (for example, thinner AI2O3 scale on the 80+1 (9-15nm) 

coating, as shown in Fig. 4-18 (b)). According to Equation (4-5), thinner 

AI2O3 scale can offer higher spallation resistance.

• CeC>2 particles reduce the harmful effect of impurities such as sulfur [24, 63- 

65]. REEs or REOs prefer to react with sulfur and form stable sulfides in the 

alloy or coating matrix, which reduces its segregation at the scale/matrix 

interface and in turn improves the bonding of the scale to the matrix. Although 

this research did not detect any sulfur at the scale/coating interface of the pure 

Ni3Al coating and the sulfides in CeCVdispersed Ni3Al coatings, previous 

studies [24, 64] have reported that desulfidation treatment could significantly 

improve the adhesion of AI2O3 scale. Recently, yttrium sulfides have been 

directly detected in NiAl [65] and FeCrAl [69].

Although, REE has been consistently verified in various doped alloys or coatings, 

the underlying mechanisms are not yet been completely understood. Many models 

consider the segregation of the ions of REEs (e.g., La3+, Ce4+) [25, 49, 50] or the REO- 

rich particles (e.g., YAIO3, Y3AI5O12) [59, 70] at the scale-grain boundaries or the 

scale/matrix interface. In this investigation, we also observed the distribution of Ce-rich 

particles in the spinel scale and AI2O3 scale (Figs. 4-22 (a)-(d)). Based on previous 

theoretical studies and the experimental results presented herein, Pint [71] recently
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proposed a dynamic-segregation model to explain the role of REs or REOs doped in the 

alloy matrix. According to his model, REs or REOs would not take effect until a 

complete AI2O3 scale is formed. Upon the formation of the scale, REs or REOs begin to 

segregate at the scale/matrix interface and diffuse outward through the scale via the scale- 

grain boundaries. Finally, they reach to the gas/scale interface. Due to a much lower 

diffusivity of RE ions along the scale grain boundaries than that of Al cations, the 

outward diffusion of Al cations will be suppressed and the slow inward diffusion of 

oxygen will become dominant. A lower growth rate of the scale can be then achieved. 

Furthermore, RE oxide precipitates will form if a critical doping concentration of RE ions 

along the grain boundary is exceeded. Due to the solute-drag effect by RE ions or the 

precipitates, the scale grain boundaries will be pinned, and fine-grained scales can be 

retained. REs or REOs also play a crucial role in reducing void formation and the 

segregation of sulfur at the scale/matrix interface. According to this investigation, Pint’s 

model is also valid for the electrodeposited Ce0 2 -dispersed Ni3Al coatings cyclically 

oxidized in air at 1050 °C. An optimum doping concentration exists for REs or REOs to 

achieve the REE, and excessive doping may cause more rapid oxidation, as shown in Fig. 

4-19 (a) for the 80+5 (5pm) coating with the highest Ce0 2  content.

4.5.5.4 Effect of Interdiffusion

Interdiffusion between the coating and the substrate alloy has both positive and 

negative effects on the cyclic oxidation behaviors of the current Ni3Al base coatings. A 

positive effect of interdiffusion at 1050 °C is a quick healing of the pores in the coating 

leading to a dense coating. The latter eliminates harmful effects of high porosity such as 

the formation of deep internal oxidized channels observed during the oxidation at 850 °C.

As for the negative effects, interdiffusion firstly results in a loss of Al in the 

coatings, which decreases the ability of the coatings to regenerate AI2O3 scale. Susan et 

al. [72] has recently investigated the interdiffusion in Ni-15at%Al coating / Ni matrix 

system during isothermal oxidation. They found that the y-Ni + y -Ni3Al two-phase zone 

in the coating was quickly depleted to y-Ni when oxidized at 1000 °C for 100 hr or 1100 

°C for only 50 hr. They concluded that the rapid consumption of Al owing to
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interdiffusion was the reason for the marginal isothermal oxidation resistance of 

electrodeposited Ni-15at%Al coating at 1000 °C [15]. It should be noted that although the 

inward diffusion of Al was also observed in our NisAl-based coatings (Fig. 4-24), the 

NisAl matrix had not been transformed into Ni-Al alloy after cyclic oxidation at 1050 °C 

for 500 hr. This deviation might have resulted from the different substrates used and 

much higher Al content present in the current coating matrix.

Another negative effect of interdiffusion may be the existence of substrate 

elements such as Fe, Cr, Si, and Mn in the NisAl-based coatings. Fe and Cr can occupy 

either the Ni sites or the Al sites, whereas Si and Mn substitute only on the Al sites [39, 

73]. Cr was found to decrease the cyclic oxidation resistance of hfrjAl alloys because 

Cr2C>3 would convert to volatile CrC>3 above 1050 °C [74, 75], which caused pitting in the 

scale or void formation at the scale/matrix interface [23]. Finally, the Kirkendall pores 

due to interdiffusion (Fig. 4-23 (c) and (d)) would significantly reduce the bonding 

strength between the coating and the substrate.

4.5.6 Conclusions
Electrodeposited pure and CeC>2-dispersed M 3AI intermetallic coatings were 

cyclically oxidized in flowing dry air at 1050 °C for periods up to 500 hr. Several 

conclusions can be summarized as follows:

1. The pure Ni3Al coatings had a marginal resistance to cyclic oxidation at 1050 

°C, and suffered severe spallation during the testing. The high residual 

compressive stresses, the rapid scale-growth rate, and the formation of internal 

or interfacial pores were the main reasons for the rapid failure of (X-AI2 O 3 

scale.

2. The Ce0 2 -dispersed NisAl coatings were characterized by much better cyclic- 

oxidation resistance than the pure Ni3Al coatings. The oxide scale on all the 

CeC>2-dispersed M 3AI coatings had a good adhesion to the coating matrix. A 

duplex-scale structure with the outer NiAhCVinner (X-AI2 O3 was observed 

even after 500 hr. It was found that Ce4+ ions in the coatings diffused into the 

scale and segregated at the scale-grain boundaries. The beneficial effects,
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might include changing the growth mechanism of the 01-AI2O3 scale, reducing 

the growth rate of the scale, improving mechanical properties of the scale, and 

reducing void formation at the scale/coating interface or at the scale-grain 

boundaries.

3. Interdiffusion was observed in the pure and CeC>2-dispsersed M 3AI coatings 

during cyclic oxidation. Interdiffusion was more rapid at 1050 °C than at 850 

°C, which led to quicker pore healing in all coatings at 1050 °C. Rapid 

interdiffusion also caused a loss of Al and the diffusion of substrate elements 

into NisAl base coatings, and the formation of the Kirkendall pores at the 

coating/matrix interface.

4.6 Concluding Remarks
It is clear that porosity of the electrodeposited M 3 Al-based intermetallic coatings 

has reduced their oxidation resistance at low temperatures. Excellent resistance of the 

CeC>2-dispersed M 3AI coatings to cyclic oxidation at 1050 °C results from both the 

beneficial effects of CeC>2 particles and a rapid elimination of pores in the early stage of 

oxidation. Consequently, in order to achieve satisfactory long-term resistance to cyclic 

oxidation across the full temperature range, it is necessary to reduce porosity in these 

coatings. Chapter 5 will focus on the reduction of pores in the coatings and alternate ways 

to improve cyclic oxidation at low temperatures.
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Chapter 5

On The Improvement of Cyclic-oxidation Resistance of 

Electrodeposited Ni-Al-Based Intermetallic Coatings at 850 °C
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5.1 Introduction
In this study, annealing of Ni-Al composite coatings at 800 °C produced a large 

fraction of closed pores in the Ni-Al base coatings (see Chapters 2-4). Fully-annealed Ni- 

Al composite coatings with 20 vol% Al and 33.5vol% Al had about 8  vol% [1] and 

10.6vol% of porosity respectively, as reported in Chapter 4. Izaki et al. [2] indicated that 

the porosity in Ni-Al coatings with more than 16at% Al has no effect on the short-term 

resistance of coatings to isothermal and cyclic oxidation at temperatures ranging from 

900 °C to 1100 °C. Susan et al. [3] reported that 8 vol% of pores had no detrimental effect 

on the isothermal oxidation of Ni-Al coatings at 800 °C for 2000 hr. However, in Chapter 

4, we observed that high porosity (about 10vol%) significantly decreased the long-term 

resistance of electrodeposited pure and Ce0 2 -dispersed Ni3Al base coatings to cyclic 

oxidation at 850 °C by forming interconnected oxidizing channels among neighboring 

pores. At 1050 °C, the pores in coatings were quickly healed after as little as 20 hr due to 

rapid interdiffusion between the coating and the alloy substrate. Hence, the detrimental 

effect o f the porosity in the coatings was negligible.

In order to achieve better oxidation resistance in the low temperature regime, it is 

of great importance to reduce the porosity in the electrodeposited Ni3Al base coatings we 

produced. The pores and cracks open to the surface of the coating can be sealed by 

electroplating of Ni [4], or by applying ceramic base sealants [5] and phosphate base 

sealants [6 ]. To reduce closed pores inside coatings, laser remelting has proven to be 

effective [7]. The presence of hydrostatic pressure during annealing treatment of the as- 

plated composite coatings was also found to be helpful [1], Because pores in our Ni3Al- 

based coatings are mostly closed, laser modification or sintering under hydrostatic 

pressure would be suitable for their densification. This, however, may substantially 

increase the cost of coating.

This part of the study will explore alternative methods for pore-control and their 

effects on cyclic-oxidation resistance of Ni-Al base intermetallic coatings at 850 °C. The 

following approaches will be investigated:
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1) Reduce the diffusion reaction rate using a slow ramping and cooling rate 

during annealing;

2) Modify the pure Ni-Al coating by doping reactive oxides to achieve better 

cyclic-oxidation resistance at 850 °C; and

3) Electro-deposit alternative films on the pure Ni-Al coating to achieve an 

enhanced oxidation resistance. The work reported in Chapter 4 

demonstrated that the pores in Ni-Al-based coatings healed slowly during 

oxidation at 850 °C for lOOOhr. If the top layer were able to provide good 

protection before pores are healed, an improved coating performance can 

be expected.

5.2 Experimental
5.2.1 Sample Preparation

Pure Ni-Al, Ni-Al-nano CeC>2 , and M-AI-Y2O3 composite coatings were 

electroplated onto Fe-Ni-Cr HP alloy coupons of dimensions 20 mmxlO mmx2 mm from 

a Watt’s nickel bath containing suspended Al particles, or both Al particles and Y2O3, or 

Ce0 2  particles via sediment co-deposition. The coating process was described in 

Chapters 2 and 3. The centrifugally cast HP alloy contained 0.4wt% C, 35wt% Ni, 

25wt% Cr, <1.5wt% Si, <1.5wt% Mn, <1.5wt% Nb, and the balance Fe. Al powders, 

purchased from Valimet Inc. (Stockton, CA, USA), had an average size of 3 pm. CeC>2 

particles with an average size of 9-15 nm and Y2O3 particles less than 1 pm respectively, 

were obtained from Alfa Aesar (USA). A layer of coating, with an average thickness of 

about 150 pm, was deposited on both 20 mmxlO mm surfaces. All coatings were 

deposited with a constant Al bath loading of 80 g/1, but with various oxide particle 

loadings.

As presented in Chapter 4, the Ni-Al-nano CeC^ coatings exhibited better 

oxidation resistance at 850 °C than did the pure Ni-Al coating. Moreover, the Ni-Al-nano 

CeC>2 coating with 5 g/1 CeC>2 particle loading was more resistant to long-term oxidation 

than that with 1 g/1 CeC>2 particle loading. As a result, the Ni-Al-nano CeC>2 coating with
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a higher CeC>2 particle loading of 10 g/1, 80+10-nano, was produced. M-AI-Y2O3 coatings 

with 5 g/1 Y2O3 (8 O+5 -Y2O3), were also prepared and studied.

To deposit the 80+10-nano CeC>2 film and the 8 O+5 -Y2O3 film, the as-plated pure 

Ni-Al coating (80+0) coupon was quickly transferred to a Ni-Al-nano CeC>2 (10 g/1) bath 

or a Ni-Al-Y2O3 (5 g/1) bath until a film of about 10 pm was deposited. All the coated 

coupons were then annealed in a vacuum furnace at 800 °C for 3hr to allow the formation 

of Ni-Al intermetallic coatings. Annealing treatment of the pure Ni-Al composite coating, 

80+0-LA, was also performed by slowly heating the sample to 800 °C in 48 hr and then 

cooling the sample to room temperature in 48hr.

5.2.2 Cyclic Oxidation
Cyclic oxidation was conducted in a tube furnace. The uncoated HP alloy coupon 

was used as a reference. Before the test, all the coupons were polished with 600-grit SiC 

grinding paper, cleaned using acetone, and then air-dried. Test coupons were held in 

high-purity (99.8%) alumina boats with one coupon per boat (Vesuvius McDanel, PA, 

USA). Dry air was passed through the tube at a fixed rate of 60ml/min. The test cycle 

consisted of heating at 5 °C/min, holding at 850 °C for the required time, and cooling at

1.5 °C/min. After each cycle, the boats were removed from the furnace for mass gain 

measurement. Each coupon was weighed together with the boat and any spalled oxide 

from the coupon. Because each coated coupon has four edge surfaces uncoated, a 

correction was made to the measured mass gains on the assumption that the uncoated 

surfaces would have the same mass change per unit area as the coupon of bare HP alloy. 

After measurement, sample boats were returned to the furnace for the next run cycle.

5.2.3 Characterization
The microstructures, compositions and morphologies of oxidized samples were 

examined on a S-2700 Scanning Electron Microscope (SEM) attached with an Energy- 

Dispersive X-Ray Spectrometer (EDS). The oxidation products were analyzed using 

Rigaku Geigerflex 2173 X-ray diffractometer (XRD) with the Co Ka incident radiation 

generated at 40kV and 30mA. A 20 range of 2 to 120 degrees was used to collect X-rays.
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5.3 Results
5.3.1 Coating Microstructures

The following coatings were produced and tested: pure Ni-Al coating, 80+0, and 

pure Ni-Al coating with an extended annealing time, 80+0-LA; three Ni-Al-nano CeC>2 

coatings, 80+1-nano, 80+5-nano and 80+10-nano; one Ni-Al-Y2O3 coating, 8 O+5 -Y2O3; 

two pure Ni-Al coatings with a thin film, 80+10-nano/80+0 and 8 O+5 -Y2O3/8 O+O. The 

compositions and phase characteristics of these coatings after annealing are summarized 

in Table 5-1.

Table 5-1. M3AI base coatings used in the investigation.

Sample code* Deposition condition Al content (vol%) Phases by XRD

80+0 no oxide particle 33.50±0.64 M 3AI (s)

80+0-LA no oxide particle 33.50±0.64 Ni3Al (s)

80 + 1 -nano 1 g/1 Ce02 (9-15 nm) 30.98±0.60 Ni3Al (s)

80+5-nano 5 g/1 CeC>2 (9-15 nm) 29.8311.81 Ni3Al (s)

80+10-nano 10 g/1 CeC>2 (9-15 nm) 27.07+1.86 Ni3Al (s), Ni (m)

8O+5-Y2O3 5 g/1 Y2O3 (<1 pm) 18.6910.55%
Ni3Al (s), Ni (s), 

Y2O3 (m)

*: The Al particle loading of 80 g/1 is constant for all coatings, 

s: strong; m: moderate.

As shown in Fig. 5-1 (a), pores of several microns were homogenously distributed 

in the gray y - l^ A l matrix of the 80+0 coating. In contrast, the 80+0-LA coating 

contained smaller irregular pores rather than large round ones, along with some second 

phases as indicated by white solid arrows (Fig. 5-1 (b)).
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Figure 5-1. The cross-sectional morphologies of pure Ni-Al coatings: (a) 80+0;
(b) 80+0-LA.

Figs. 5-2 (a)-(c) are the micrographs of the Ni-Al-nano CeC>2 coatings and the Ni- 

AI-Y2 O 3 coating. Fig. 5-2 (a) showed a uniform gray y -M 3AI matrix of the 80+1-nano 

coating with high porosity. The 80+10-nano coating shown in Fig. 5-2 (b), however, had 

a multiple-phase structure due to lower A1 content (Table 5-1), which resulted from the 

interference of Ce0 2  with A1 particles as detailed in Chapter 3. The XRD and EDS 

analyses suggested that the matrix consisted of y-Ni3Al phase (dark region), and Al-
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saturated y-Ni (light region). The porosity in the 80+10-nano coating (Fig. 5-2 (b)) was 

evidently lower than that in the 80+1-nano coating (Fig. 5-2 (a)). The 8 O+5 -Y2O3 coating 

had a much lower A1 content than the 80+10-nano coating (Table 5-1). The former 

contained mainly y -NisAl (dark phase), y-Ni-Al (light region), and a high amount of 

Y2O3 (needle-like phase) (Fig. 5-2 (c) and Table 5-1).

30  m c r o m s t s r s
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Figure 5-2. The cross-sectional morphologies of Ni-Al-oxide particle coatings:
(a) 80+1-nano; (b) 80+10-nano; (c) 8 O+5 -Y2O3.

5.3.2 Oxidation Kinetics
Figs. 5-3 provide the mass changes of all the Ni-Al-based coatings prepared 

during cyclic oxidation at 850 °C for periods of up to 1000 hr. The data for the uncoated 

Fe-Ni-Cr alloy, the 80+0 coating, the 80+1-nano coating and the 80+5-nano coating were 

from Fig. 4-2 in Chapter 4. The uncoated Fe-Ni-Cr alloy showed a very slow mass 

increase and a parabolic oxidation behavior during the whole testing period (Fig. 5-3 (a)), 

while the 80+0 coating (Fig. 5-3 (a)), the 80+1-nano coating and the 80+5-nano coating 

(Fig. 5-3 (b)) had a slow mass increase in the early stage and then experienced an 

accelerated pickup of oxygen with further oxidation, an indication of the onset of the 

breakaway stage. The 80+0-LA coating showed a slower mass increase than the 80+0 

coating until 200 hr (Fig. 5-3 (a)). After 200 hr, although its mass increase was still much 

lower than that of the 80+0 coating, the breakaway stage was evident. The 80+10-nano 

coating, however, showed a parabolic oxidation in the entire testing period, which is 

comparable to the uncoated Fe-Ni-Cr (Fig. 5-3 (b)). The mass gain of the 80+10-nano 

coating after 1000 hr oxidation was as little as 0.6 mg/cm2. Similar to the 80+10-nano 

coating, the 8 O+5 -Y2O3 coating with a much lower A1 content also exhibited excellent 

resistance to the cyclic oxidation at 850 °C (Fig. 5-3 (b)). The two pure Ni-Al coatings
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with a thin film on the top, the 80+10-nano/80+0 coating and the 8 O+5 -Y2O3/8 O+O 

coating, also had a parabolic oxidation within the initial 2 0 0  hr, after which the 

breakaway oxidation prevailed (Fig. 5-3 (c)). These results suggest that, although the 

special annealing and the thin-film approach delayed the onset of breakaway stage, it 

failed to improve the long-term resistance to cyclic oxidation.
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Figure 5-3. The cyclic-oxidation behaviors of various Ni-Al-based coatings at 850 °C 
for periods of up to 1 0 0 0  hr: (a) slowly annealed; (b) doped with reactive oxides; (c) 
with additional electroplated thin film.

5.3.3 Cross-sections of Oxide Scales
Figs. 5-4 (a)-(c) provide the cross-sectional morphologies of the 80+0-LA coating 

after oxidation at 850 °C for periods of up to 1000 hr. For a short exposure period of 

lOOhr, a thin oxide scale, along with pores and second phases below the scale, was seen 

on the 80+0-LA coating (Fig. 5-4 (b)). By 500 hr, a wide zone—containing a mixture of 

pores, separated coatings, and various oxides such as AI2O3, NiO, and NiA^CL—had 

developed on the 80+0-LA coating (Fig. 5-4 (b)). At 1000 hr, the oxidation zone had 

expanded (Fig. 5-4 (c)) to a level similar to that seen on the 80+0 coating (Fig. 5-4 (d)). 

These observations are consistent with the mass increase of the 80+0-LA coating shown 

in Fig. 5-3.
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Figure 5-4. The cross-sectional morphologies of the 80+0-LA coating after cyclic oxidation at 850 
°C: (a) for 100 hr; (b) for 500 hr; (c) for 1000 hr; (d) the 80+0 coating for 1000 hr.



In contrast, a thin AI2O3 scale was observed on the 80+10-nano coating 

throughout the testing period. The thin AI2O3 scale was well adhered to the coating 

matrix even after 1000 hr (Fig. 5-5 (a)). A similar situation was found on the 8 O+5 -Y2O3 

coating (Fig. 5-5 (b)), although the AI2O3 scale on the 8 O+5 -Y2O3 coating was a bit 

thicker than that on the 80+10-nano coating (Fig. 5-5 (a)).

N1AI2O4

MAI2O4

Figure 5-5. The cross-sectional morphologies of coatings after cyclic oxidation at 
850 °C for 1000 hr: (a) the 80+10-nano coating; (b) the 8 O+5 -Y2O3 coating.
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The microstructures of the 80+10-nano/80+0 coating and the 8 O+5 -Y2O3/8 O+O 

coating during the cyclic oxidation were similar. Their typical cross-sectional 

morphologies are shown in Figs. 5-6 (a) and (b).

Figure 5-6. The cross-sectional morphology of the 80+10-nano/80+0 coating after 
cyclic oxidation at 850 °C for 1000 hr.

In the early stage of oxidation (up to 100 hr), a very thin oxide scale was induced 

on the thin layer deposited. However, by 500 hr, oxidation was seen to occur within the 

thin layer and along the thin layer/coating interface (Fig. 5-6 (a)), suggesting a rapid
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inward diffusion of oxygen via the interface has occurred. Both the thin film and the 

coating matrix suffered severe oxidation by 1000 hr (Fig. 5-6 (b)). The morphology of the 

oxidation zone was the same as that in the 80+0 coating after lOOOhr exposure. The two 

thin films failed to provide a long-term protection to pure M 3AI coatings with a large 

fraction of porosity.

5.4 Discussion
5.4.1 Special Annealing

The temperature- and time-dependent phase formation in Ni-Al composite 

coatings during annealing has been well studied [1, 2]. Susan [1] summarized the 

situation by stating that most A1 particles in Ni-Al coatings remain unreacted during 

short-term annealing performed at low annealing temperatures (400-450 °C). If annealing 

time is increased, some Al-rich intermetallic phases such as MAI3, M 2AI3, and NiAl may 

be formed. In the temperature range of 500-530 °C, formation of a NiAl phase would be 

dominant. Above 600 °C, the diffusion reaction is accelerated. The final phase structure 

after full annealing is controlled by the A1 content in the Ni-Al coatings [2]. The long­

term annealing performed in the present study was aimed at controlling the diffusion 

reaction between the A1 particle and the Ni matrix. A slow ramping rate allows maximum 

formation of refractory intermetallic phases before the temperature approaches the 

melting point of A1 (about 660 °C), and thus reduces the amount of melting A1 particles 

during annealing at temperatures above 660 °C. Another benefit from the slow diffusion 

reaction is a reduction of the Kirkendall pores in the coating owing to rapid diffusion of 

Al.

Although it can reduce the amount of porosity, slow annealing cannot completely 

eliminate it. This is the case because its formation is mainly due to local densification in 

the absence of pressure, as proposed by Susan [1]. The cyclic oxidation of the 80+0-LA 

would then follow the same mechanism as reported for the 80+0 coating in Chapter 4, 

where interconnected oxidized channels are formed among the neighboring pores or 

second phases, thereby accelerating the inward oxygen attack and leading to the
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disintegration of the coating matrix (Figs. 5-4). We may conclude that, although slow 

annealing reduces pore density in the pure Ni-Al coatings to some extent, it is not a 

solution to the poor cyclic oxidation resistance at 850 °C.

5.4.2 Modified Ni-Al Coatings and Thin Films
Unlike the 80+0 coating, the 80+10-nano coating and the 8 O+5 -Y2O3 coating 

exhibit excellent long-term resistance to the cyclic oxidation at 850 °C for periods of up 

to lOOOhr. This may be attributed firstly to the presence of nano CeC>2 or Y2O3 particles. 

As discussed in Chapters 4 and 6 , these reactive oxide particles in Ni-Al coatings can 

significantly improve the mechanical properties of AI2O3 scale and enhance the adhesion 

of the scale to the coating matrix, which, in turn, greatly reduces the spalling or cracking 

of the scale during thermal cycling. However, we believe that the most crucial factor for 

the improved oxidation resistance of the 80+10-nano coating and the 8 O+5 -Y2O3 coating 

is their lower porosity. As indicated in Table 5-1 and Figs. 5-2, the 80+1-nano coating 

and the 80+5-nano coating have higher A1 content than the two-phase (y-Ni+y -M 3AI) 

80+10-nano coating, and they possess better cyclic oxidation resistance. In fact, the 

oxidation resistance of these two coatings was inferior (Fig. 5-3 (b)). The results in 

Chapter 4 demonstrated that the degradation mechanisms in the 80+1-nano coating and 

the 80+5-nano coating were similar to that in the 80+0 coating, due to the fact that they 

all contain high porosity. The 80+10-nano coating and the 8 O+5 -Y2O3 coating are much 

denser than the 80+0 coating, the 80+1-nano coating and the 80+5-nano coating. Despite 

of their low A1 content, especially in the case of the 8 O+5 -Y2O3 coating, a thin AI2O3 

scale was formed without spallation throughout the testing. The latter can be attributed to 

low porosity.

When the 80+10-nano coating and the 8 O+5 -Y2O3 coating are deposited as a thin 

film onto the 80+0 coating, it is expected that the thin film will provide the protection 

until the porosity in the 80+0 coating becomes fully healed. However, this did not 

happen. In addition to the rapid oxidation of the thin film, the inward oxygen via the 

film/coating interface causes severe oxidation of the coating and the film, which plays a 

critical role in deteriorating the coating. As reported in Chapter 4, the overall oxidation
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behavior is similar to that in the single 80+0 coating. During oxidation at 850 °C, 

interdiffusion will occur between the thin film and the 80+0 coating due to the chemical 

gradient. The resultant Kirkendall pores will segregate at the film/coating interface, 

which provides easy paths for the inward diffusion of oxygen. As discussed in Chapter 4 

and Ref [8 ], pores in the coating will be healed by a process of self-sintering—a rapid 

atom flux to the pores, and vacancy flux away from the pores to vacancy sinks such as 

grain boundaries, interfaces and free surfaces. As both the thin film and the 80+0 coating 

have high porosity, vacancy flux will be noticeably high at the film/coating interface, 

which further contributes to the rapid inward diffusion of oxygen.

5.5 Concluding Remarks
Several attempts were made to improve the cyclic-oxidation resistance of porous 

electrodeposited Ni-Al base intermetallic coatings at 850 °C. Slow annealing failed to 

completely eliminate pores in the coating due to local densification, although it can 

reduce its presence to some extent. The 80+0-LA coating showed an oxidation behavior 

similar to that of the 80+0 coating during long-term oxidation at 850 °C. The 80+10-nano 

coating and the 8 O+5 -Y2O3 coating with low porosity offered excellent long-term 

resistance to cyclic oxidation at 850 °C. However, the low A1 content would limit their 

applications at temperatures above 1000 °C. The 80+10-nano and the 8 O+5 -Y2O3 thin 

films were not enough to provide long-term protection for the 80+0 coating due to rapid 

oxidation along the film/coating interface.
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Chapter 6 

Carburization of Electrodeposited Ni3Al-Ce02-Based coatings 

in 2%CH4-H2 Reducing Atmospheres

* A version o f  this chapter has been submitted for publication. Liu, H.F. and Chen, W .X ., subm itted to 
Journal of The Electrochemical Society, 2005.
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6.1 Introduction
Carburization is a common problem for Fe-based and Ni-based heat resistant 

alloys used in chemical, petrochemical, and energy conversion industries. It refers to the 

ingress of carbon and the precipitation of carbides when the alloys are served at 800-1100 

°C in the carburizing atmospheres with low carbon activities (ac <1) [1-6]. Excessive

carbides in alloys cause volume increase and significant internal stresses, which may 

induce premature failure of the alloys [2]. Brittle carbides also deteriorate the room- 

temperature ductility of alloys. Klower et al. [7] reported that alloy 800H and AC6 6  Fe- 

Ni-Cr alloys lose nearly 100% of Charpy impact energy after carburization in CH4-H2 at 

1000 °C for 1008 hr.

Fe-based and Ni-based heat resistant alloys generally contain high Cr, which can 

form a protective Cr2C>3 scale at high temperatures. However, O 2O3 is inherently 

unstable above 1050 °C due to its conversion to chromium carbides [1, 2, 4] or volatile 

O O 3 [8 , 9]. Another disadvantage is that protective O 2O3 cannot be formed in highly 

reducing carburizing atmospheres, such as CH4-H2 . Novel Fe-base or Ni-base alloys are 

often alloyed with Al or Si [10-12]. The addition of Al or Si can form thermodynamically 

more stable AI2O3 or Si0 2  scale beneath the C^Cb scale to further block the inward 

diffusion of carbon. Recently, Klower et al. [7] reported that 602CA Ni-Cr-2.3wt%Al 

alloy showed extremely low carbon uptake at 1100 °C for 1000 hr in CH4-H2 . 

Unfortunately, an addition of Al or Si more than 2wt% undermines the ductility and 

weldability of the alloys [11], while a minimum 4wt% of Al or Si is required to form an 

external scale [1, 3, 10]. Other alloying elements such as Mo, Mg, Nb, Ti, and reactive 

elements are reported to improve the carburization resistance of alloys to some extent [7, 

11-14],

Surface-engineered coating is a feasible solution to the carburization problem. 

The most successful coating systems developed to date are the Cr-Si, Al-Si, and Al-Cr-Si 

metallic coatings [11, 15-18], which have reached commercial application. Diffusion Al- 

Cr-Si coatings have shown excellent carburization resistance up to 1149 °C during a test 

in an ethylene furnace for 27 months [15, 16].
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The current trend is to develop M 3AI or NiAl as novel carburization-resistant 

alloys or coatings. Brill [19] reported superior carburization resistance of M 3AI base 

alloys in CH4-H2 (ac = 0.8) to alloy 800H and alloy 617 at temperatures up to 1000 °C.

Commercial Ni3Al-based trays have been successfully adopted in industrial carburizing 

furnaces to replace those made of stainless steels, which often fail after six-month in-field 

use. M 3AI trays, however, didn’t experience failure even after 39 months of service [20]. 

Wang et al. [21] recently reported that no carbon ingress was observed in NiAl-coated 

Fe-Ni-Cr alloys after exposure to in CH4-H2 at 1100 °C for 100 hr.

In Chapters 2 and 3, we successfully electrodeposited pure and CeC^-dispersed 

M 3AI intermetallic coatings on Fe-Ni-Cr tube alloys. This chapter deals mainly with the 

cyclic carburization behaviors of these electrodeposited Ni3Al-based coatings in 2 %CH4- 

H2 reducing atmospheres at 850 °C and 1050 °C. Due to a lack of detailed studies on the 

carburization behaviors of M 3AI alloys and coatings, the current investigation focused on 

the carburization mechanisms and the microstructure changes of M 3 Al base coatings, as 

well as on the role of CeC>2 particles in coatings when exposed to the reducing carbon 

environments.

6.2 Experimental Procedures
6.2.1 Sample Preparation

Ni-Al-based composite coatings were electroplated onto the Fe-Ni-Cr coupons 

with dimensions of 20 mmxlO mmx2 mm from a Watt’s nickel bath containing Al 

particles or both Al particles and CeC>2 particles via sediment co-deposition (details of the 

coating process can be found in Chapters 2 and 3). The centrifugally-cast HP alloy 

contained 0.4wt% C, 35wt% Ni, 25wt% Cr, <1.5wt% Si, <1.5wt% Mn, <1.5wt% Nb, and 

the balance Fe. The Al powder had an average size of 3 pm. Two types of CeC>2 particles, 

5 pm and 9-15 nm, were chosen. The following coatings were deposited on the Fe-Ni-Cr 

coupons and tested: pure Ni-Al coating, 80+0; two Ni-Al-5 pm CeC>2 coatings, 80+1 (5 

pm) and 80+5 (5 pm); and two Ni-Al-9-15 nm CeC>2 coatings, 80+1 (9-15 nm) and 80+5 

(9-15 nm). The thickness of all the coatings was controlled to be around 150 pm. Prior to
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carburization testing, all the as-plated samples were annealed at 800 °C for 3 hr in a 

vacuum furnace pumped down to about 0 . 8  mtorr to achieve a uniform single-phase y - 

Ni3Al in the coating. The compositions and phase characteristics of these five coatings 

after annealing are summarized in Table 6-1.

Table 6-1. Ni3Al base coatings used in the investigation.

Sample code Deposition condition Al content (vol%) Phases by XRD

80+0 0 g/1 Ce02 33.50±0.64 Ni3Al (s)

80+1 (5 pm) 1 g/1 Ce02 (5 pm) 30.58±0.52 Ni3Al (s); Ce02 (vw)

80+5 (5 pm) 5 g/1 Ce02 (5 pm) 31.03±0.40 Ni3Al (s); Ce02 (w)

80+1 (9-15 nm) 1 g/1 Ce02 (9-15 nm) 30.98+0.60 Ni3Al (s)

80+5 (9-15 nm) 5 g/1 Ce02 (9-15 nm) 29.83+1.81 Ni3Al (s)

s: strong; w: weak; vw: very weak

6.2.2 Cyclic-carburization Test
The cyclic-carburization test was performed in a tube furnace. Uncoated Fe-Ni-Cr 

alloy coupons were used as a reference. Before the test, all the coupons were polished 

with 600-grit SiC grinding paper, cleaned using acetone, and then air-dried. Test coupons 

were held in high-purity (99.8%) alumina boats with one coupon per boat (Vesuvius 

McDanel, PA, USA). 2 %CH4-H2 was used to simulate the reducing carburizing 

atmosphere, and its carbon activity and oxygen partial pressure could be obtained by [2 , 

6]:

a = K

CH4 = 2 H 2 +C

P c h  4791
CHl -,logK = - ^ - 5 . 7 8 9

( P h J

(6-1)

(6-2)

h 2o  = h 2 + ^ -o 2

Pa, = K
r \ 2

P h , o

P h .

(6-3)

(6-4)
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where ac is the carbon activity; K  and K  are the reaction constant; and T is the absolute 

reaction temperature.

The 2 %CH4-H2 gas mixture, dried with phosphorus pentoxide, was flowed 

through the tube at a fixed rate of 60ml/min. The test cycle consisted of heating at 5 

°C/min, holding at the specific test temperature for the required time, and cooling at 1.5 

°C/min. After each cycle, the boats were removed from the furnace for mass-gain 

measurement. Each coupon was weighed together with the boat and any spalled products 

from the coupon. Because each coated coupon had four edge surfaces uncoated, a 

correction was made to the measured weight gains on the assumption that the uncoated 

surfaces would have the same mass change per unit area as the coupon of bare HP alloy. 

After measurement, sample boats were returned to the furnace for this next run cycle. In 

this study, carburization temperatures of 850 °C and 1050 °C were chosen. The 

corresponding carbon activity of 2 %CH4-H2 at the two temperatures is about 0.73 and 

3.21 respectively.

6.2.3 Materials Characterization
The microstructures and the morphologies of carburized samples were examined 

using a S-2700 Scanning Electron Microscope (SEM) with an Energy-Dispersive X-Ray 

Spectrometer (EDS) attachment. The carburization products were analyzed using a 

Rigaku Geigerflex 2173 X-ray diffractometer (XRD) with Co K<x incident radiation 

generated at 40kV and 30mA. A 20 range of 2 to 120 degrees was adopted for collection 

of X-rays.

6.3 Results
6.3.1 Carburization Kinetics

Figs. 6-1 (a) and (b) show the mass changes of the uncoated Fe-Ni-Cr alloy and 

the M 3AI base coatings after carburization for periods of up to 500hr at 850 °C and 1050 

°C respectively.

192

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



E_o
D)
E
o
O)c
(0

(0
(0
(0

2 .0

1.5-

1 .0 -

0.5-

0.0

c

“4 .

Uncoated Fe-Ni-Cr 
80+0 (pure Ni3AI) 
80+5(5 jim)
80+1(5 nm) 
80+5(9-15 nm) 
80+1(9-15 nm)

0 50 100 150 200 250 300 350 400 450 500

Exposure time (hr)

Eo
O)
E,
0)
O)
c
(0£o
v>
(0
(0

2 2 -

2 0 -

18-
16-
14
1 2 -

1 0 -

8 -

6 -

4 -
2 -

0 -

Uncoated Fe-Ni-Cr 
80+0 (pure Ni3AI) 
80+5 (5 nm)
80+1 (5 nm)
80+5 (9-15 nm) 
80+1 (9-15 nm)

0 50 100 150 200 250 300 350 400 450'500

Exposure time (hr)

Figure 6-1. The cyclic-carburization results of the Fe-Ni-Cr alloy and the Ni-Al- 
based coatings for periods up to 500 hr: (a) at 850 °C; (b) at 1050 °C.
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All the samples showed very low mass changes at 850 °C (Fig. 6-l(a). The Fe-Ni- 

Cr alloy had the highest mass change during carburization. The mass change after 500hr
9 9was more than 0.8mg/cm . For all the coatings, the mass increase was below 0.5mg/cm 

after 500hr except that for the 80+1 (5pm) coating, which had a mass gain of 

0.66mg/cm . At 1050 °C, the cyclic-carburization result of the uncoated Fe-Ni-Cr alloy 

was clearly distinct from those of Ni3Al base coatings (Fig. 6-1 (b)). The uncoated base 

alloy suffered severe attack by the carbon, and showed the highest mass increase: more 

than 22 mg/cm2 after 500 hr. Its mass-change curve quickly leveled off after about 300 

hr, which, as will discussed later, might be due to the saturation of carbon in the alloy. 

All the coating coupons, however, showed much lower mass increases. The pure Ni3Al 

coating showed higher mass gain than the four CeC^-dispersed Ni3Al coatings (Fig. 6-1 

(b)). In contrast, the difference in mass changes among the four Ce02-dispersed Ni3Al 

coatings was minor. It should be noted that the mass gain of all the coated samples, 

calculated on the basis of the measured mass increase subtracting the mass gains of four 

side surfaces of coated specimen, can be overestimated. This is due to the fact that the 

four side surfaces of the coated samples may experience carburization at a higher rate 

than the uncoated Fe-Ni-Cr coupon in the latter stage of carburization because of the 

saturation of carbon in the uncoated alloy coupon.

6.3.2 Morphologies of The Uncoated Fe-Ni-Cr Alloy
Figs. 6-2 (a) and (b) show the cross-sections of the uncoated Fe-Ni-Cr alloys after 

cyclic carburization for 500 hr at 850 °C and 1050 °C respectively. The ingress of carbon 

to the uncoated Fe-Ni-Cr alloy was relatively slow at 850 °C (Fig. 6-2 (a)). A zone of 

precipitated carbides at the surface is narrow even after 500hr, and the other region of the 

alloy is free of secondary carbides except the primary carbides at the grain boundaries. 

This observation is consistent with the low mass change shown in Fig. 6-1 (a). The 

carburization zone in the Fe-Ni-Cr alloy generally consisted of the outer Cr?C3 and the 

inner Cr23C6 (Table 6-2), which is consistent with other investigations [1, 5, 22]. In 

contrast, carburization was much more rapid at 1050 °C. As shown in Fig. 6-2 (b), the 2 

mm thick Fe-Ni-Cr coupon had been completely carburized after 500 hr. The XRD 

results listed in Table 6-3 clearly showed the predominant Cr7C3 phase and the graphite
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after exposure for as short as 10 hr. This observation, plus the rapid decrease of the mass- 

increase rate for the uncoated Fe-Ni-Cr alloy after 300 hr (Fig. 6-1 (b)), suggests that the 

alloy matrix might have been saturated with carbon before 500 hr exposure.

Middle line of 
the coupon

Figure 6-2. The cross-sectional morphology of the uncoated Fe-Ni-Cr alloy after 
carburization for 500 hr: (a) at 850 °C; (b) at 1050 °C.
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Table 6-2. The XRD analysis of the carburization products at 850 °C.

Sample 10 hr 100 hr 500 hr

Fe-Ni-Cr Cr23C6 (m),Cr7C3 (m) Cr7C3 (m) Cr7C3 (s)

80+0 y-Al20 3 (w)

80+5 (5 pm) y-Al20 3 (w)

80+1 (5 pm) y-Al20 3 (w)

80+5 (9-15 nm) y-Al20 3 (w)

80+1 (9-15 nm) y-Al20 3 (w)

s: strong; m: medium; w: weak; vw: very weak.

Table 6-3. The XRD analysis of the carburization products at 1050 °C.

Sample 10 hr 100 hr 500 hr

Fe-Ni-Cr
Cr7C3 (s), C (m), 

NbC(w)

C (s), Cr7C3 (m), 

NbC (w)

C (s), (Fe,Cr)7C3 (m), 

NbC (w)

80+0 a-Al20 3 (w) a-Al20 3 (w), C (vw) a-Al20 3 (w), C (vw)

80+5 (5 pm)
a-Al20 3 (w), 

CeA103 (w)

a-Al20 3 (w), 

CeA103 (w), C (vw)

a-Al20 3 (w), 

CeA103 (w), C (vw)

80+1 (5 pm)
a-Al20 3 (w), 

CeA103 (w)

a-Al20 3 (w),

CeA103 (vw), C (vw)

a-Al20 3 (w),

CeA103 (vw), C (vw)

80+5 (9-15 nm)
a-Al20 3 (w), 

CeA103 (vw)

a-Al20 3 (w),

CeA103 (vw), C (vw)

a-Al20 3 (w),

CeA103 (vw), C (vw)

80+1 (9-15 nm)
a-Al20 3 (w), 

CeAlQ3 (vw)

a-Al20 3 (w),

CeA103 (vw), C (vw)

a-Al20 3 (w),

CeA103 (vw), C (vw)

C detected in all samples is identified to be graphite, 

s: strong; m: medium; w: weak; vw: very weak.
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6.3.3 Morphologies of The Pure Ni3Al Coating
(a) At 850 °C

Figs. 6-3 (a) and (b) depict the surface morphologies of the pure Ni3Al coating 

after lOhr and 500hr exposure respectively.

Figure 6-3. The surface morphology of the pure Ni3Al coating after carburization 
at 850 °C for: (a) 10 hr; (b) 500 hr.
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Fig. 6-3 (a) shows the coating surface after carburization for lOhr. Many small 

particles are visible on the surface. EDS analysis indicated that the surface was rich in Ni, 

Al and O. After 500 hr, the platelet Al-rich oxides dominated the coating surface. 

According to XRD analysis (Table 6-2), this oxide scale was y-AFCb, a transition 

alumina before the formation of thermodynamically stable 01-AI2O3. It forms favorably at 

temperatures below 900 °C, and is featured with a blade- or plate-like shape due to the 

dominant outward diffusion of Al cations through the oxide scale [23-25]. It can be also 

seen in Table 6-2 that no other oxides or carbides were detected on the pure M 3AI 

coating, except for several big Ni-rich particles (Fig. 6-3 (b)).

The cross-section of the pure-NisAl coated coupon after carburization at 850 °C 

for 500 hr is shown in Figs. 6-4 (a) and (c). It is seen in Fig. 6-4 (a) that the coating is 

characterized by a dual-layer structure consisting of a porous layer on top and a dense 

layer above the coating/substrate interface (Fig. 6-4 (a)). This structure was also observed 

in the Ce0 2 -dispersed Ni3Al. After initial annealing treatment, all N13AI coatings 

contained high-density homogenously distributed micro-pores. These pores could be 

healed by interdiffusion (the Kirkendall effect) during high-temperature exposure, which 

has been described in Chapter 4. No carbon attack in the form of carbide formation in the 

Fe-Ni-Cr substrate occurred (Fig. 6-4 (b)). Fig. 6-4 (c) shows that a thin y-Al2 0 3  scale, 

indicated by the white arrow, was formed on the pure M 3AI coating after 500 hr.
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h micrometers

Figure 6-4. The cross-sectional morphology of the pure N 13AI coating after 
carburization at 850 °C for 500 hr: (a) the coating section; (b) the coating/substrate; 
interface; (c) the AI2 O 3 scale.
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(b) At 1050 °C

The surface morphologies of the pure N13AI coating after carburization at 1050 °C 

for 10 hr and 100 hr are presented in Fig. 6-5 (a) and Fig. 6-5 (b) respectively.

(Ni,Al)-rich

Micro crack

Figure 6-5. The surface morphologies of the pure M 3AI coating after 
carburization at 1050 °C for: (a) 10 hr; (b) 100 hr.
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The coating surface after 10 hr featured the dominant Al-rich oxides and many 

fine particles containing mainly Ni, Al, and/or O (Fig. 6-5 (a)). Based on the XRD 

analysis in Table 6-3, the Al-rich oxides were identified to be a-Al2 0 3 . The coating 

surface after 100 hr on which micro cracks were constantly observed is shown in Fig. 6-5

(b). This observation indicates the failure of AI2O3 scale. After 100 hr exposure, the 

nickel-rich particles found earlier remained on the pure M 3AI coating. However, their 

compositions appear more complicated: additional elements such as Al, O, C, as well as 

small amounts of substrate constituents such as Fe, Cr, Si and Mn, were also detected. 

The carbon proved to be graphite (Table 6-3). Carbon deposition on the surface increased 

at 500 hr exposure (Fig. 6 - 6  (a)). Noteworthy carbon filaments on the surface and carbon 

aggregates located at those nickel-rich crystals have also been found (Fig. 6 - 6  (b)). It is 

obvious that coke had formed on the pure M 3AI coating.
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Figure 6 -6 . The surface morphology of the pure M 3AI coating after carburization at 1050 
°C for 500 hr: (a) the plain view; (b) EDS analysis of the phase indicated by the arrow in 
(a).

Figs. 6-7 show the cross-sections of the pure M 3AI coating after 500 hr.
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(b)

Figure 6-7. The cross section of the pure M 3AI coating after carburization at 1050 °C 
for 500 hr: (a) a low-magnification view; (b) the coating/substrate interface; (c) the 
severe oxidation zone.

203

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



From Figs. 6-7 (a) and (b), the coated Fe-Ni-Cr substrate was invulnerable to 

carburization. The XRD data in Table 6-3 and the micrograph shown in Fig. 6-7 (c) 

suggest that a thin (X-AI2O3 scale had been developed on the pure N13AI coating. The 

coating cross-section is also characterized by many dark protrusions that originated from 

the surface (Figs. 6-7 (a) and (c). The EDS analysis showed that the protrusions were 

exclusively AI2O3, indicating severe internal oxidation beneath the alumina scale. The 

internal oxidation could occur through micro-cracks in the AI2O3 scale (Fig. 6-5 (a)).

6.3.4 Morphologies of The Ce02-dispersed N1.3AI Coatings 
(a) At 850 °C

The surface and the cross-sectional morphologies of the four Ce02-dispersed 

Ni3Al coatings during carburization at 850 °C were generally similar to those of the pure 

M 3AI coating. No carburization was found in the coated Fe-Ni-Cr substrates. Figs. 6 - 8

(a) and (b) show typical morphologies of the 80+1 (5pm) coating after 500 hr.
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Figure 6 -8 . The typical morphology of the 80+1 (5 mm) coating after carburization 
at 850 °C for 500 hr: (a) the plain view; (b) the cross sectional view.

According to Fig. 6 - 8  (a) and Table 6-2, the surface oxides on the 80+1 (5 pm) 

coating were dominantly plate-like Y-AI2O3. Some Ni-rich crystals (arrow) were also 

found in Fig. 6 - 8  (a). The Y-AI2O3 scale was seen to be dense and thin from Fig. 6 - 8  (b), 

and some Ce-rich oxide phases were also observed in the coating.

(b) At 1050 °C

All the CeC>2-dispersed M 3AI coatings were able to block carbon ingress at 1050 

°C for periods of up to at least 500 hr. Surface examination didn’t reveal any micro­

cracks on Ce0 2 -dispersed M 3AI coatings during carburization. This suggests that a- 

AI2O3 scale on the Ce0 2 -dispersed M 3AI coatings had much better mechanical integrity 

than that on the pure M 3AI coating during cyclic testing. Fig. 6-9 shows the surface 

morphologies of the 80+1 (5 pm) coating after cyclic carburization, which differ little 

from those of the pure M 3AI coating. Many Ni-rich particles were found on the (X-AI2O3 

scale on the 80+1 (5 pm) coating after 10 hr at 1050 °C (Fig. 6-9 (a)). Similar to the pure
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M 3 A I  coating, filamentous coke containing various elements was observed on the surface 

of the 80+1 (5 (am) coating after 100 hr and 500 hr (Figs. 6-9 (b) and (c) respectively). 

CeAlCb phases were formed in all CeC^-dispersed coatings (Table 6-3).
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Figure 6-9. The surface morphology o f  the 80+1 (5 pm) coating after carburization
at 1050 °C for: (a) 10 hr; (b) 100 hr; (c) 500 hr.

A typical cross-section of the 80+1 (5 pm) coating after 500 hr is shown in Fig. 6 - 

10. Pores in the coating produced during annealing treatment had been healed completely 

(Fig. 6-10 (a)). A thin oxide layer, which was OC-AI2O3 according to the XRD analysis in 

Table 6-3, adhered to the coating matrix (Fig. 6-10 (b)). No internal oxidation was 

observed on the 80+1 (5 pm) coating or other Ce0 2 -dispersed coatings.
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Figure 6-10. The cross-section of the 80+1 (5 |am) coating after carburization at 1050
°C for 500 hr: (a) a low-magnification view; (b) a high-magnification view.
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6.4 Discussion
6.4.1 Carburization in 2%CH4-H2

The CH4-H2 gas mixture is often employed to simulate reducing carburization 

under extremely low oxygen partial pressures. Carburization resistance of the alloys in 

the oxygen-deficient CH4-H2 depends strongly on the ability to form a protective scale. If 

formation of oxide scale is impossible, carburization of Fe-based or Ni-based alloys is 

controlled by the direct inward diffusion of carbon, and excessive precipitation of 

carbides can occur in the alloys [1-6]. However, if  the alloy establishes a protective scale, 

carburization will be controlled by the transportation of carbon through the oxide scale. 

As the solubility of carbon in oxides such as C^Cb, AI2O3 and SiC>2 is negligible [1, 4], 

the ingress of carbon can be completely blocked if a highly dense and compact scale is 

present. It has been reported that carbon accumulation in the scale is expected only in a 

range of 1 0 0  to 1 0 0 0  ppm after many years of exposure [2 ].

The development of oxide scale on the alloys in highly reducing environments is 

directly associated with the dissociation pressure of the oxide. Table 6-4 provides the 

calculated dissociation pressure of Cr2 0 3  and AI2O3 at different temperatures by using 

thermodynamic data from the literature [26],

Table 6-4. The dissociation pressures of Cr2C>3 and AI2O3.

Temperature (°C)
The dissociation pressure The dissociation pressure

of Cr2 0 3, (atm) of AI2O3, (atm)

850 1.5x1 O' 26 l.lx lO ' 41

1050 2.4x1 O' 21 9.0x10‘34

From Table 6-4, it is obvious that AI2O3 will be much more stable than Cr2C>3 in 

the reducing 2 %CH4-H2 atmosphere. Yin [27, 28] reported that the commercial grade 2% 

CH4-H2 gas inevitably contained some oxygen impurities of less than 100 ppm, such as
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in the form of moisture. This was equivalent to an oxygen partial pressure of about 10' - 

10' 21 atm at temperatures ranging from 800 to 1100 °C. Yin [27] also proposed that 1000 

°C was a critical temperature, below which 2 %CH4-H2 was a carburizing/oxidizing 

atmosphere for the Fe-Ni-Cr alloys and the formation of chromia scale could be possible. 

Above 1000 °C, the gas mixture became fully reducing for the Fe-Ni-Cr alloys. 

Consequently, 31 OSS alloys showed a low carburization rate at temperatures below 1000 

°C due to the formation of Cr-rich oxides, but had no resistance to carburization above 

1000 °C. The uncoated Fe-Ni-Cr alloys used in our study showed similar carburization 

behaviors. However, no Cr-rich oxides or other oxides were found on the uncoated Fe- 

Ni-Cr alloy samples during carburization at 850 °C (the results aren’t presented). This 

could be due to the fact that the amount of oxide products was too low to be detected by 

EDS and XRD. More importantly, the 2 %CH4-H2 gas used in this study was dried prior 

to flowing through the furnace. Consequently, the actual moisture level in the gas could 

be significantly lower than that necessary for the formation of Cr-rich oxides reported by 

Yin. Because our research focused on the carburization of Ni3Al base coatings, a 

discussion of carburization behavior of Fe-Ni-Cr alloys is not included herein. Details 

concerning the carburization of Fe-Ni-Cr alloys in reducing carburizing environments 

have been well documented [13, 22, 27-31].

According to our experimental results, pure and CeCVdispersed Ni3Al coatings 

exhibit excellent carburization resistance at 850 °C and 1050 °C. Unlike uncoated Fe-Ni- 

Cr alloys, all the Ni3Al coatings developed a protective oxide scale, AI2O3, in the 

2 %CH4-H2 gas mixture at both temperatures. This indicates that the oxygen partial 

pressure used is favorable to the formation of AI2O3, which may be the main reason for 

the observation of superior carburization resistance of our Ni3Al-based coatings. This 

also suggests that Al2C>3-forming alloys such as nickel aluminides and iron aluminides are 

superior to the conventional Q 2O3-forming alloys in the reducing carburizing 

environments, especially at temperatures above 1000 °C.

The mass changes of Ni3Al base coatings shown in Figs. 1 (a) and (b) result from 

a combination of coke formation, carburization and oxidation rather than carburization
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alone. Carburization occurs by dissolution of carbon in the M 3AI matrix. It has been 

reported that the solubility of carbon in the stoichimetric M 3AI is about 6 at% [32], At 

850°C, coke formation was prevented by a dense and compact Y-AI2O3 scale that 

developed on all coatings. Therefore, the mass increase must be caused mainly by the 

growth of Y-AI2O3, particularly in the last stage of carburization. At 1050 °C, coke 

formation contributes significantly to the increase of mass, particularly after AI2O3 scale 

is fully developed. For the pure M 3AI coating, internal oxidation and carburization due to 

the cracking of AI2O3 may add to mass gains.

6.4.2 Oxidation of Ni3Al-Based Coatings in 2%CH4-H2
The oxidation behavior of M 3AI in the environments with a high oxygen partial 

pressure, such as air and pure oxygen, has been thoroughly investigated. Ni3Al alloys or 

coatings are usually covered by multi-layer oxide scales, e.g., outer NiO/NiA^CVinner 

AI2O3 [33-35]. Similar behaviors were observed in our Ni3Al-based coatings when they 

were oxidized in dry air at 850 °C and 1050 °C, as described in Chapter 4. However, in 

our oxygen-deficient 2 %CH4-H2, all N13AI coatings nonetheless suffered oxidation with 

Y-AI2O3 scale formed at 850 °C and a-Al2 0 3  scale at 1050 °C. Ni-rich metal particles and 

some (Ni, Al)-rich oxide particles were also observed on all the coatings at both the 

temperatures.

This oxidation behavior is consistent with the results reported by other researchers 

[36-38]. Schumann et al. [36] observed that only Y-AI2O3 formed on the single-crystal 

M 3AI in the initial stage of oxidation at 950 °C under p 0i -  4.0 x 10~19 atm . The outward

diffusion of Ni through AI2O3 scale was also found. Yi et al. [37] performed the oxidation 

of M 3AI alloys at 800 °C for up to 25 hr in oxygen-deficient environments. Only AI2O3 

was identified at p Qi =1.2x10~19 a tm . Recent work by Gao et al. [38] identified two

different oxidation behaviors of M 3AI alloys within 10~x$atm< p a <\0~22atm. At

10~15 atm < p 0i < 10~18 atm , pure Ni particles were initially observed. Later, AI2O3 slowly

formed. In contrast, only AI2O3 could be found at p 0i = 10~22 atm .
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As the oxygen partial pressure in 2 %CH4-H2 is extremely low, it would appear 

that a selective oxidation of Ni in M 3AI is impossible and that only Al element can be 

oxidized. According to Wagner’s intemal-oxidation theory [39], the critical concentration 

of Al required to form external AI2O3 scale depends on oxygen partial pressure. 

Consequently, a decrease of oxygen partial pressure can reduce the critical concentration 

of Al, and thereby enhance the transition of the internal oxidation to the external 

oxidation. The occurrence of selective oxidation of M 3AI at the low oxygen partial 

pressure can be given by:

Ni^Al + 0 2 -> Al20 3 + Ni (6-5)

In the initial stage of oxidation, an intemal-oxidation zone containing AI2O3 and Ni is 

formed. With time, an external AI2O3 scale can be developed. It has been reported that 

the reaction in Equation (6-5) induced a 28% volume expansion, which led to very high 

compressive stresses [36]. This, as proposed by Schumann [36], may cause an outward 

diffusion of Ni along the oxide/matrix interface to relieve the stresses. However, Yi et al. 

[37] argued that Ni diffused out via the lattices or dislocation pipes of the alloy matrix. 

The outward diffusion of Ni usually ceases when a dense and compact AI2O3 scale is 

formed. Those Ni particles, according to our experimental results, will stay on the AI2O3 

scale during further testing.

6.4.3 Coke Formation on Ni3Al Base Coatings
Coke formation often occurs on Fe base or Ni base alloys during exposure in a 

carburizing atmosphere with ac > 1. Two types of coke, namely catalytic coke and

thermal coke, have been identified [11, 40-43]. Catalytic coke always results from the 

heterogeneous reaction of hydrocarbon feedstock on some metals such as Fe and Ni, 

which are excellent catalysts for carbon deposition [40]. The sources of catalysts also 

include transiently-formed FeO, NiO or (Fe,Ni,Cr)-spinel, which can be reduced to Fe, 

Ni, or Fe-Ni particles [29, 40, 42], Catalytic coke contains crystalline graphite and some 

metal, carbide or oxide particles, and has a filamentous and porous morphology. Thermal 

coke is related to the thermal cracking of hydrocarbon, from which a dense and
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amorphous coke layer will deposit on the tube surface [41]. This coke layer is 

characterized by a columnar, radial and axial structure.

Because the carbon activity at 850 °C in the current 2 %CH4-H2, is less than one 

(a c = 0.73), coke formation should be quite difficult. This was confirmed by our 

experimental results. However, coke formation is evidently observed on all the N13AI 

base coatings during carburization in 2 %CH4-H2 at 1050 °C with ac =3.21. The coke

deposited has a filamentous morphology and a complex composition consisting mainly of 

graphite, suggesting its catalytic nature. As alumina scale is formed on all M 3AI base 

coatings during carburization, the formation of catalytic coke should be impossible on the 

inert AI2O3 scale. However, as discussed ealier, AI2O3 scale is formed with the outward 

diffusion of Ni and the aggregation of its particles plus (Ni, Al)-rich oxides. These are are 

excellent catalysts for coke formation. Consequently, catalytic coke grows on all the 

Ni3 Al base coatings despite of the existence of inert alumina scale.

6.4.4 Effect of CeC>2 Particles
Excellent carburization and oxidation resistance of M 3 Al is obtained when AI2O3 

scale with good mechanical integrity is formed during exposure. A dense and compact 

scale effectively blocks the inward diffusion of corrosive species, e.g., O or C. However, 

AI2O3 scale on the undoped Ni-Al alloys is inherently susceptible to mechanical failure 

under cyclic thermal conditions. The failure of AI2O3 scale often results from several 

factors. The presence of compressive residual stresses, including thermal stress and 

growth stress in the scale, is one major reason. Thermal stress is induced by the large 

mismatch of the thermal expansion coefficient between AI2O3 and M 3AI upon cooling, 

while growth stress is owing to volume expansion during the formation of AI2O3 [44-46]. 

Internal or interfacial voids in AI2O3 scale and/or at the scale/matrix interface are also 

important contributors to scale failure [45, 47]. The segregation of impurity, e.g., sulfur, 

at the scale/matrix significantly deteriorates the bonding strength of AI2O3 scale [48, 49]. 

These factors, acting independently or jointly, lead to failures of AI2O3 scale such as 

spalling, cracking or buckling [44, 45, 50]. Cracks and pores in the scale provide short- 

circuit paths for the transportation of corrosive species, which causes internal oxidation
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or carburization. This has been observed in the cyclic carburization of the pure Ni3Al 

coating at 1050 °C (Figs. 6-1 (b), 6-5 (b) and 6-7 (c)). In contrast, all the Ce0 2 -dispersed 

Ni3Al coatings were packed with a thin and compact AI2O3 scale and suffered a lower 

mass increase. It is evident that CeC>2 particles can enhance the resistance of alumina 

scale to mechanical failure during thermal cycling. Scale failure is more common at 

higher temperatures. At a relatively lower temperature, 850 °C, no obvious damage of 

AI2O3 was found on the pure and the Ce0 2 -dispersed M 3AI coatings. All the coatings 

exhibit excellent carburization resistance, and the difference in carburization resistance 

among the coatings is negligible.

It is well known that small amounts of reactive elements or their oxides can 

effectively improve the failure resistance of AI2O3 scale. The so-called reactive-element 

effect (REE) has been extensively reviewed in several papers [44, 45, 51, 52]. The major 

roles of the reactive elements or oxides include mitigating growth stress, improving the 

mechanical properties of the scale, enhancing the adherence of the scale to the matrix by 

reducing void formation, and scavenging detrimental sulfur by forming stable sulfides in 

the matrix. As presented in Chapter 4, the dispersion of Ce4+ ions or Ce-rich oxide 

particles resulted in a thin and void-free alumina scale with excellent adherence to the 

coatings, especially at 1050 °C. In contrast, the pure Ni3Al coating experienced excessive 

spallation during cyclic oxidation at 1050 °C.

6.5 Concluding Remarks
Cyclic carburization of electrodeposited pure and CeC>2-dispersed M 3 A I  

intermetallic coatings was investigated in 2 %CH4-H2 at 850 °C and 1050 °C for periods 

of up to 500 hr. The following are some concluding remarks, which are also 

schematically illustrated in Fig. 6-11 and Fig. 6-12 for the purpose of clarification.

1. At the relatively low temperature of 850 °C, all the N13AI base coatings 

exhibited low mass increases for a period of up to 500 hr. The uncoated Fe- 

Ni-Cr coupon experienced slow carburization. In contrast, no carburization 

was observed in coated Fe-Ni-Cr alloys after 500 hr. Al in the M 3AI coatings 

was selectively oxidized to form Y-AI2O3 in the initial stage of carburization in
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2 %CH4-H2 with an extremely low oxygen partial pressure (Step I) (Fig. 6-11). 

With time, a thin and compact Y-AI2O3 scale gradually formed (Step II), which 

effectively blocked the ingress of carbon. Ni was also observed to diffuse 

outward to relieve the residual compressive stress owing to the formation of y- 

AI2O3, and to form Ni-rich metal particles on Y-AI2O3 scale.

2. At 1050 °C, the 2 mm-thick uncoated Fe-Ni-Cr coupon suffered severe 

carburization and was saturated with carbon after about 300hr exposure. All 

coated Fe-Ni-Cr alloys were immune to attack by carbon because of 01-AI2O3 

scale formed on M 3AI base coatings, as indicated in Fig. 6-12 (Step I). As in 

the case of carburization at 850 °C, Ni-rich metal particles were observed on 

the scale. With continuing cyclic carburization, the pure M 3AI coating 

exhibited a behavior different from that of the CeC>2-dispersed M 3AI coatings. 

AI2O3 scale on the pure M 3AI coating cracked during thermal cycling. 

Corrosive species then quickly migrated through the scale via these cracks, 

and resulted in severe internal oxidation and carburization (Step II). In 

contrast, the addition of CeC>2 particles in M 3AI coatings reduced scale failure 

(Step III). No visible internal oxidation and carburization was observed for 

any CeC>2-dispersed M 3AI coatings. Due to the high carbon activity of 

2 %CH4-H2 (a c = 3.21) at 1050 °C and the existence of Ni-rich metal 

particles, catalytic coke was induced on all Ni3Al base coatings.
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Figure 6 -11. A schematic summary of the cyclic carburization of 
electrodeposited Ni3Al base coatings in 2%CH4-H2 at 850 °C for periods of 
up to 500 hr.
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Figure 6-12. A schematic summary of the cyclic carburization of electrodeposited 
M 3AI base coatings in 2%CH4-H2 at 1050 °C for periods of up to 500 hr.
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Chapter 7 

Coke Formation and Metal Dusting of Electroplated Ni3Al- 

Ce02-Based Coatings in C0-H2-H20
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7.1 Introduction
Metal dusting is a carbon-induced form of corrosion that occurs in Fe-based and 

Ni-based alloys when they are served at 400-800 °C in carbonaceous atmospheres with 

carbon activities ac>l [1-5]. It is a process of disintegration of the alloy matrix into dusts 

containing fine metallic particles (Fe or Ni), graphite carbon, and sometimes carbides or 

oxides. Fine Fe or Ni particles in the dust can accelerate the deposition of catalytic coke 

from carburizing atmospheres [6 ]. Metal dusting on Fe base alloys starts with a formation 

of a FesC layer, followed by the decomposition of Fe3C into fine Fe particles and graphite 

[1, 4, 7]. Ni-based alloys, however, are characterized by direct formation and inward 

growth of graphite during metal dusting [1, 4, 8 ]. In the case of Fe-based and Ni-based 

alloys with high Cr content, metal dusting may be suppressed or may occur locally via 

defects in the scale if a Cr-rich oxide scale is formed [1, 4], Metal dusting can cause 

severe wear and erosion problems due to the particulate nature of the dust and the 

wastage of metal components, while the buildup of thick coke significantly decreases 

heat-transfer efficiency of the alloy matrix and leads to excessive precipitation of 

carbides in the matrix.

Many efforts have been made to control metal dusting in Fe base or Ni base 

alloys. Grabke et al. [2, 4, 9] reported that H2S addition up to 10 ppm retarded the metal- 

dusting rate of pure iron, 2.25Cr-Mo steel, alloy 800, and Fe-25Cr-20Ni. It was believed 

that surface-active S can preferentially react with Fe or Ni to form Fe-S or Ni-S 

compounds, which quickly deactivates the catalytic surface [6 , 10, 11]. Ni base alloys are 

more resistant to metal dusting than Fe base alloys [4, 12, 13]. Klower et al. [12] reported 

that Fe base alloys generally showed unacceptable metal wastage rate at 650 °C only after 

190 hr in CO-H2-H2O. Ni-based alloys, however, exhibited extremely low metal-dusting 

rate even after 10000 hr exposure. Any method that could enhance the formation of 

Cr2C>3, or maintain a compact and adherent ( > 2 0 3  scale, on chromia-forming alloys can 

result in better metal dusting resistance. Ferritic structure was more favorable than 

austentic structure because Cr diffused more rapidly in ferrite than in austenite [2, 4, 14], 

Grabke et al. [15,16] found that surface finish and cold working on Fe-or Ni-based alloys 

can reduce metal dusting because the resultant surface defects provide short-circuit paths
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for the outward transport of Cr to establish Cr2 0 3 . Fine grains also facilitated the 

formation of Q 2O3 scale owing to a quick diffusion of Cr via a large fraction of grain 

boundaries [15]. Straub et al. [17] recently reported that alloying elements such as Ti, Zr, 

Nb, Mo, and W retarded metal dusting of alloy 800. Surprisingly, only 0.05% Ce in alloy 

800 was found to deteriorate resistance to metal dusting. Small amount of Si or Al is 

beneficial, as they can form additional SiC>2 or AI2O3 scale below Q2O3 during long-term 

exposure [13, 17].

Nickel aluminides (e.g., NiAl, M 3AI) and iron aluminides (e.g., FeAl and Fe3Al) 

represent novel intermetallic compounds with superior resistance to high-temperature 

corrosion, and can be applied as protective coatings on Fe- or Ni-based alloys. NiAl and 

M 3AI were reported to exhibit excellent carburization resistance in reducing carburizing 

atmospheres [18-21]. However, coke formation and metal dusting behaviors of NiAl and 

M 3AI have not yet been studied in detail. Limited research on short-term metal dusting of 

Fe-Al and Ni-Al intermetallics were reported by Straub et al. [22] and Schneider et al. 

[23, 24], They found that Fe3Al was very susceptible to metal dusting and coke formation, 

but that M 3AI was surprisingly invulnerable to metal dusting [2 2 ].

This study was initiated to understand coke formation and metal dusting of M 3AI 

base coatings, along with the effect of pre-oxidation treatment and CeC>2 addition on their 

performances in an environment prone to coke formation and metal dusting.

7.2 Experimental Procedures
7.2.1 Sample Preparation

Ni-Al-based composite coatings were electroplated via sediment co-deposition 

onto Fe-Ni-Cr coupons of dimensions 20 mmxlO mmx2 mm from a Watt’s nickel bath 

containing Al particles or both Al particles and CeC>2 particles. The detailed coating 

process was described in Chapters 2 and 3. The centrifugally cast HP alloy contained 

0.4wt% C, 35wt% Ni, 25wt% Cr, <1.5wt% Si, <1.5wt% Mn, <1.5wt% Nb, and the 

balance Fe. Al powder had an average size of 3 pm. Two types of Ce0 2  particles, 5 pm 

and 9-15 nm, were used for coating deposition. The following coatings were deposited on
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the Fe-Ni-Cr coupons and tested: pure Ni-Al coating, 80+0; two Ni-Al-5 pm CeCh 

coatings, 80+1 (5 pm) and 80+5 (5 pm); and two Ni-Al-9-15 nm CeC>2 coatings, 80+1 (9- 

15 nm) and 80+5 (9-15 nm). The thickness of all coatings was controlled to be around 

150 pm. Prior to metal-dusting testing, all the as-plated samples were annealed at 800 °C

five coatings after annealing are summarized in Table 7-1. All coatings after annealing 

had high porosity, which derived from the annealing treatment of the as-plated Ni 

matrix/Al particles composite coatings according to Chapter 2-3 and Ref [25].

Table 7-1. Ni3Al base coatings used in the investigation.

Sample code Deposition condition Al content (vol%) Phases by XRD

80+0 0 g/1 Ce02 33.50+0.64 Ni3Al (s)

80+1 (5 pm) 1 g/1 Ce0 2  (5 pm) 30.58±0.52 Ni3Al (s); CeC>2 (vw)

80+5 (5 pm) 5 g/1 CeC>2 (5 pm) 31.03+0.40 Ni3Al (s); Ce02 (w)

80+1 (9-15 nm) 1 g/1 Ce02 (9-15 nm) 30.98±0.60 Ni3Al (s)

80+5 (9-15 nm) 5 g/1 Ce0 2  (9-15 nm) 29.83+1.81 Ni3Al (s)

s: strong; w: weak; vw: very weak

The metal-dusting test was performed in a tube furnace. Uncoated Fe-Ni-Cr alloy 

coupons were used as a reference. Before the test, all the coupons were polished with 

600-grit SiC grinding paper, cleaned using acetone, and then air-dried. Test coupons were 

held in high-purity (99.8%) alumina boats with one coupon per boat (Vesuvius McDanel, 

PA, USA). The CO-H2-H2O gas mixture was used to simulate the metal dusting 

atmosphere. The carbon activity and the oxygen partial pressure was determined by [4,

for 3 hr in a vacuum furnace pumped down to about 0.8 mtorr to achieve a uniform 

single-phase y’-Ni3Al in the coatings. The compositions and phase characteristics of those

7.2.2 Metal-dusting Test

26,27]:

c o +h 2 = h 2o + c (7-1)

T
(7-2)

P h2o
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:----- + 2.919
T

(7-3)

(7-4)

where ac is the carbon activity; K  and K  the reaction constants; and T the absolute reaction

temperature. The 24.4%C0-73.3%H2-2.3%H20 gas mixture, which yields a carbon 

activity of ac = 12.2 and an oxygen partial pressure of p 0i -  6.35 x 10~26atm at 650 °C,

was flowed through the tube at a fixed rate of 60 ml/min. The test cycle consisted of 

heating at 5 °C/min with argon gas, holding in the CO-H2-H2O gas mixture at 650 °C for 

a specified period, and cooling at 1.5 °C/min with argon gas. After each cycle, the boats 

were removed from the furnace for mass gain measurement. Each coupon was weighed 

together with the boat and spalled products from the coupon (if any). Because each 

coated coupon has four edge surfaces uncoated, a correction was made to the measured 

weight gains on the assumption that the uncoated surfaces would have the same mass 

change per unit area as the coupon of bare HP alloy. After measurement, sample boats 

were returned to the furnace for the next run cycle.

NisAl is not a good alumina-former at temperatures below 1200 °C [28]. The 

testing temperature, 650 °C, is too low to form AI2O3 scale on our Ni3 A1 base coatings. In 

addition, formation of AI2O3 is often accompanied by non-protective Ni-rich oxide scales 

on the coatings [29-31], which may reduce the resistance of coatings to coke formation 

and metal dusting. Pretreatment of M 3AI in a weak oxidizing atmosphere is often used to 

induce an exclusive AI2O3 scale. To study the effect of pre-oxidation treatment, the 

uncoated Fe-Ni-Cr and the five M 3AI base coatings were pre-oxidized at 1100 °C for 24 

hr in the H2-0 .6 %H2O gas mixture at a fixed flow rate of 60 ml/min. The corresponding 

ramping rate and the cooling rate were 5 °C/min and 1.5 °C/min respectively. The oxygen 

partial pressure during the pre-oxidation treatment, and the dissociation pressures of NiO, 

Cr2C>3, and AI2O3 at 1100 °C were calculated using thermodynamic data from Ref [27]. 

The results are presented in Table 7-2. As reported in a later section, this pre-oxidation 

processing could induce an exclusive (X-AI2O3 oxide layer 1-2 pm thick on all coatings.
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The pre-oxidized samples were also tested in the 24.4%CO-73.3%H2-2.3%H20 gas 

mixture at 650 °C to determine their resistance to coke formation and metal dusting.

Table 7-2. The oxygen partial pressures in H2-0 .6 %H2O and the dissociation 

pressures of NiO, Cr2C>3, and AI2O3 at 650 °C and 1100 °C.

650 °C 1100°C

The oxygen partial pressure 2.35xl0~ 27 atm 3.61xl0'18 atm

The dissociation pressure of NiO 2.04xl0'18 atm 1.13xl0‘9 atm

The dissociation pressure of Cr2 0 3 5.16x1 O' 34 atm 2.79x1 O' 20 atm

The dissociation pressure of A12C>3 4.99x1 O' 53 atm 3.73x1 O' 32 atm

7.2.3 Materials Characterization
The microstructures and the morphologies of tested samples were examined using 

a S-2700 Scanning Electron Microscope (SEM) with an Energy-Dispersive X-Ray 

Spectrometer (EDS) attachment. It was noted that our EDS detector had a reduced ability 

to collect oxygen signals from the samples. Corrosion products were analyzed using an 

X-ray Imaging Photoelectron Spectrometer (XPS) Axis Ultra (Kratos Analytical), and a 

Rigaku Geigerflex 2173 X-ray diffractometer (XRD) with Co Ka incident radiation 

generated at 40kV and 30mA, where a 20 range of 2 to 120 degrees was adopted for 

collection of X-rays.

7.3 Results
7.3.1 Metal-dusting Kinetics

(a) Without Pre-oxidation

Fig. 7-1 (a) depicts the mass changes of the uncoated Fe-Ni-Cr alloy and the five 

M3AI base coatings for periods of up to 500hr.
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Figure 7-1. Cyclic metal dusting behavior of the Fe-Ni-Cr alloys and NijAl-based 
coatings at 650 °C for periods of up to 500 hr: (a) without pre-oxidation; (b) with 
pre-oxidation.
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The uncoated Fe-Ni-Cr alloy had a very slow mass increase up to 300 hr. 

Although it experienced a sudden mass increase after 300 hr, its final mass gain was, 

nonetheless, the lowest. All coating samples experienced continuous mass increase 

during metal dusting (Fig. 7-1 (a)). The mass increase of the pure M 3AI coating (80+0) 

was slower than that of the two nano Ce0 2 -dispersed coatings and the 80+5 (5 pm) 

coating, hut slightly higher than that of the uncoated Fe-Ni-Cr alloy and the 80+1 (5 pm) 

coating. The two nano Ce0 2 -dispersed M 3AI coatings (especially the 80+5 (9-15nm) 

coating) showed much higher mass increase than the pure M 3AI coating and the two 5 

pm CeC>2-dispersed M 3AI coatings. The 80+5 (9-15 nm) coating recorded the highest 

mass gain after 500 hr (about 36 mg/cm2). CeC^-dispersed M3AI coatings with higher 

CeC>2 content generally had a higher mass gain than those with less CeC>2 content (Fig. 7- 

1 (a)). Coke was observed on all samples tested after 500 hr, but the two nano CeC>2- 

dispersed Ni3Al coatings had the highest coke formation. The above results suggest that 

all M 3AI coatings were more susceptible to metal dusting than the Fe-Ni-Cr substrate 

alloy, and that the addition of nano CeC>2 particles in the coatings impaired their 

resistance to coke formation and metal dusting.

(b) With Pre-oxidation

The mass changes of the pre-oxidized uncoated Fe-Ni-Cr alloy and the five M 3AI 

base coatings during metal dusting are showed in Fig. 7-1 (b). The pre-oxidized uncoated 

Fe-Ni-Cr alloy had a rapid mass increase during metal dusting (as high as 78.83 mg/cm 

after 500 hr). Excessive coke was seen on the alloy surface. The pre-oxidized pure and 

CeCVdispersed M 3AI coatings all showed low mass changes until 200 hr, but exhibited 

distinct behaviors with further exposure. The pre-oxidized pure M 3AI coating 

experienced an abrupt mass increase after 2 0 0  hr, and showed the highest mass increase 

among all coating samples after 500 hr exposure. It was higher than that of the pure 

Ni3Al coating without pre-oxidation (Fig. 7-1 (a)). The two pre-oxidized 5 pm CeC>2- 

dispersed M 3AI coatings showed rapid mass changes after 200 hr as well. The pre- 

oxidized 80+5 (5 pm) coating had the second-highest mass increase among the five 

coating samples, while the pre-oxidized 80+1 (5 pm) coating showed a mass increase 

comparable to that of the uncoated Fe-Ni-Cr alloy without pre-oxidation. According to
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Figs. 7-1 (a) and (b), the mass changes o f both pre-oxidized 5 pm CeCVdispersed Ni3Al 

coatings after 2 0 0  hr were similar to those without pre-oxidation, suggesting that the pre­

oxidation treatment suppressed coke formation on both the 5 pm Ce0 2 -dispersed Ni3Al 

coatings only before 200 hr. It is noteworthy that the two nano CeC^-dispersed Ni3Al 

coatings after pre-treatment, which were most susceptible to coke formation and metal 

dusting when they were not pre-oxidized (Fig. 7-1 (a)), surprisingly showed the lowest 

mass gains even after 500 hr exposure (Fig. 7-1 (b)). This highlights the benefit of pre­

oxidation. The mass increase of the pre-oxidized 80+1 (9-15 nm) coating with lower 

CeC>2 content was slightly higher than that of the pre-oxidized 80+5 (9-15 nm) coating.

7.3.2 Coating Morphologies 
7.3.2.1 Un-pre-oxidized Coatings

(a) Pure Ni3Al Coating (80+0)

Fig. 7-2 (a) shows the surface morphologies of the pure Ni3Al coating (80+0) 

after metal dusting for 50 hr. Some filaments of nano size were found on the coating 

surface. These filaments were rich in C, Ni, Al, and O according to the EDS analysis in 

Fig. 7-2 (b), indicating coke formation. The coating surface free of filamentous coke 

consisted mainly of Ni, Al, and O based on the EDS spectrum in Fig. 7-2 (c), suggesting 

the occurrence of oxidation. More coke was seen on the pure Ni3Al coating after 200 hr 

(Fig. 7-3 (a)). Coke formation continued with time, as more filamentous coke was found 

after 200 hr (Fig. 7-3 (b)). By 500 hr, the coke, in the form of small clusters, covered the 

entire coating surface (Fig. 7-4 (a)). The filamentous morphology of coke is clear at 

higher magnification (Fig. 7-4 (b)). Coke on the coating surface was scraped and 

analyzed with the aid of XRD. As reported in Table 7-3, the coke was comprised 

predominantly of graphite carbon and Ni. It is noteworthy that coke filaments formed at 

different stages of exposure always had a particle at their tip, as indicated by the white 

arrows in Figs. 7-2 (a), 7-3 (b), and 7-4 (b). These particles proved to be Ni-rich 

according to EDS analysis, which is consistent with the detection of Ni in the scraped 

coke. The filamentous morphology, plus the detection of significant Ni-rich
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Figure 7-2. The pure Ni3Al coating (80+0) after metal dusting for 50 hr: (a) the 
coating surface; (b) EDS analysis of the filaments cluster in (a); (b) EDS analysis of 
the coating matrix in (a).
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Figure 7-3. The surface morphology of the pure M 3AI coating (80+0) after metal 
dusting for 2 0 0  hr: (a) at low magnification; (b) at high magnification.
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Figure 7-4. The surface morphology of pure M 3AI coating (80+0) after metal dusting 
for 500 hr: (a) the coating surface before the removing of coke; (b) at high 
magnification; (c) pits on the coating surface after the removing of coke; (d) EDS 
analysis of the pit area in (c).
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Fig. 7-4 (continued)

Particles, highlights the catalytic nature of coke, which has been well described by 

previous studies [10, 32-34]. The coating surface after removal of coke is presented in 

Fig. 7-4 (c). Clusters of pits full of disintegrated materials were observed (Fig. 7-4 (c)).
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According to the EDS analysis in Fig. 7-4 (d), the pitted area contained mainly graphite, 

Ni, Al, and possibly O.

A cross-section of the pure NisAl coating after metal dusting for 200 hr is shown 

in Fig. 7-5 (a). Some small pits were observed on the coating surface, and coke rich in C, 

Al, Ni and O was found in the pits. In each pit, the graphite coke penetrated into the 

coating matrix and disintegrated the matrix, as indicated by the white dashed arrows in 

Fig. 7-5 (a). By 500 hr, more pits with a size of several microns were formed along the 

coating surface (Fig. 7-5 (b)). Fig. 7-5 (c) provides a high-magnification view of a typical 

pit shown in Fig. 7-5 (b). The EDS analysis in Figs. 7-5 (d) and (e) revealed that the pit 

was comprised mainly of C and Ni. It had much higher Al in the inner portion (Fig. 7-5 

(d)), but much less in the outer (Fig. 7-5 (e)). These observations are consistent with the 

EDS analysis in Fig. 7-4 (d) of bare pitting areas after a removal of coke from the surface 

(Fig. 7-4 (c)), and the XRD results of the coke scraped from the surface as listed in Table 

7-3. The difference in compositions between the outer and the inner portion of the pit 

indicates that Ni might be transported outward, while Al stayed in the inner layer as Ni- 

A1 particles or possibly AI2O3 at 650 °C. No Al-rich oxide scale was observed on the 

coating surface even after 500hr exposure (Figs. 7-5 (a)-(c)).

Table 7-3. The XRD analysis of coke formed on the samples after 500hr exposure.

Without Pre-oxidation Phase Information
80+0 Graphite (s), Ni (s) 

Graphite (m), Ni (s) 
Graphite (m), Ni (s) 
Graphite (m), Ni (s) 
Graphite (m), Ni (s)

80+1 (5 pm) 
80+5 (5 pm) 

80+1 (9-15 nm) 
80+5 (9-15 nm)

With Pre-oxidation
80+0 Graphite (m), Ni (s) 

Graphite (m), Ni (s) 
Graphite (s), Ni (s) 
Graphite (s), Ni (s) 
Graphite (s), Ni (s)

80+1 (5 pm) 
80+5 (5 pm) 

80+1 (9-15 nm) 
80+5 (9-15 nm)

s: strong; m: medium; w: weak.
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Figure 7-5. The cross section of the pure M 3AI coating after metal dusting: (a) for 200 
hr; (b) for 500 hr; (c) a high-magnification view of the pits in (b); (d) EDS analysis of 
area 1 in (c); (e) EDS analysis of area 3 in (c).
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Figure 7-5 (continued)
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(b) 5 pm Ce0 2 -dispersed N13AI Coatings

Coke formation on the two 5 pm Ce0 2 -dispersed Ni3Al coatings was generally 

similar to that on the pure N13AI coating (80+0). The coke on the 5 pm CeC>2-dispersed 

Ni3Al coatings was preferentially deposited in regions high in Ce. A typical surface of the 

80+5 (5 pm) coating after 50 hr exposure is shown in Fig. 7-6 (a). As shown in Fig. 7-6

(b), strong peaks of carbon and Ce were detected in those regions marked by white 

arrows in Fig. 7-6 (a). By 500 hr, a thick layer of coke was formed on the 80+5 (5 pm) 

coating (Fig. 7-7 (a)). The coke exhibited a tangled filamentous morphology (Fig. 7-7

(b)), a characteristic of catalytic coke. The surface coke also consisted mainly of Ni 

phases and graphite crystals (Table 7-3). Fig. 7-8 (a) showed severe pitting attack on the 

surface of the 80+5 (5 pm) coating after metal dusting for 500 hr. These pits had 

morphologies similar to those on the pure Ni3Al coating (Fig. 7-4 (c)). Ce, together with 

C, Ni, Al, and O, was detected in these pitting areas by EDS analysis. Compared to the 

pure Ni3Al coating, the 80+5 (5 pm) coating is more severe after 500 hr of exposure in 

terms of coke formation and pitting attack (Figs. 7-4 (a) and (c), Fig. 7-7 (a) and Fig. 7-8 

(a)). As indicated in Fig. 7-8 (b), the 80+1 (5 pm) coating with lower CeC>2 content after 

500 hr exposure exhibited much less pitting than the 80+5 (5 pm) coating. Moreover, the 

80+1 (5 pm) coating had lower mass increase than the 80+5 (5 pm) coating (Fig. 7-1 (a)).

The cross-sectional morphologies of the 5 pm CeCVdispersed Ni3Al coatings 

during metal dusting were comparable to those of the pure Ni3Al coating. Fig. 7-9 (a) 

depicts a typical distribution of pits on the 5 pm CeC^-dispersed Ni3Al coatings after 

metal dusting for 500 hr. Many fine Ni-rich particles dispersed in the outer coke layer, 

while the inner coke layer was mixed with graphite and isolated fragments of coating 

materials (Fig. 7-9 (b)). CeC>2 particles were observed in the pitting area. Some CeC>2 

particles had been separated from the coating matrix and disintegrated into many smaller 

pieces (Fig. 7-9 (b)). This is consistent with the detection of Ce in the pitting area (Fig. 

7-8 (a)). As was the case with the pure Ni3Al coating, no Al-rich oxide scale formed on 

the 5 pm CeC^-dispersed Ni3Al coatings during metal dusting.
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Figure 7-6. The surface morphology of the 80+5 (5 pm) coating after metal dusting 
for 50 hr: (a) a typical coking region; (b) EDS analysis of the area indicated in (b).
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Figure 7-7. The surface morphology of the 80+5 (5 pm) coating after metal dusting 
for 500 hr: (a) a low-magnification view; (b) a high-magnification view.
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Figure 7-8. The surface morphologies (after the removing of coke) of the two 5 pm 
Ce0 2 -dispersed M 3AI coatings after metal dusting for 500 hr: (a) the 80+5 (5 pm) 
coating; (b) the 80+1 (5 pm) coating.
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Figure 7-9. The cross section of the 80+5 (5 gm) coating after metal dusting for 500 
hr: (a) at low magnification; (b) at high magnification.
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(c) Nano CeC>2-dispersed Ni^Al Coatings

Figs. 7-10 (a) and (b) present the surface morphologies of the 80+5 (9-15 nm) 

coating after metal dusting for 50hr. The 80+5 (9-15 nm) coating had a much larger 

fraction of surface areas covered with coke than the pure M 3AI coating and the 80+5 (5 

pm) coating. By 200 hr, excessive filamentous coke had already built up on the 80+5 (9- 

15 nm) coating (Figs. 7-10 (c) and (d)). The coke was thick and coarse on the coating 

surface after 500 hr (Fig. 7-11 (a)), indicating increased carbon deposition. Scraping coke 

deposits from the surface revealed pitting attack in the coating matrix (Fig. 7-11 (b)). 

According to the XRD results in Table 7-3, the coke contained Ni and C. Similar surface 

morphologies were observed on the 80+1 (9-15 nm) coating after metal dusting.

Figure 7-10. The surface morphology of the 80+5 (9-15 nm) coating after metal 
dusting: (a) a low-magnification view after 50 hr; (b) a high-magnification view after 
50 hr; (c) a low-magnification view after 200 hr; (b) a high-magnification view after 
2 0 0  hr.
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Figure 7-11. The surface morphology of the 80+5 (5 pm) coating after metal dusting 
for 500 hr: (a) before the scraping of coke; (b) after the scraping of coke.
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The two nano CeC>2-dispersed N13AI coatings were found to have much more 

severe pitting attack on the coating surface during metal dusting. Figs. 7-12 (a) and (b) 

show a typical cross-section of the 80+5 (9-15 nm) coating after metal dusting for 200 hr. 

Pitting on the coating was much more intense than that on the pure NisAl coating and the 

5 pm Ce0 2 -dispersed M 3AI coatings after metal dusting for 200hr. Pits on the 80+5 (9-15 

nm) coating by 500 hr became much larger and deeper than those on the pure and 5 pm 

Ce0 2 -dispersed M 3AI coatings tested for the same length of time (Fig. 7-13 (a)). Fig. 7- 

13 (b) is an enlarged micrograph showing the cross-section of a pit formed after 500 hr of 

exposure.
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Figure 7-12. The cross section of the 80+5 (9-15 nm) coating after metal dusting for 
200 hr: (a) a low-magnification view; (b) a high-magnification view.
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(a)

Figure 7-13. The cross section of the 80+5 (9-15 nm) coating after metal dusting for 
500 hr: (a) a low-magnification view; (b) a high-magnification view.
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7.3.2.2 Pre-oxidized Coatings

(a) Pre-oxidation Treatment

Figs. 7-14 (a)-(f) show the surface morphologies of the N13AI base coatings after 

pre-oxidation in H2-0 .6 %H2O at 1100 °C for 24 hr.

Figure 7-14. Surface morphologies of NisAl-based coatings after pre-oxidation in H2- 
0 .6 %H2O at 1100 °C for 24 hr: (a) pure M 3AI coating; (b) a high-magnification view 
of the spalled area in (a); (c) the 80+5 (5 pm) coating; (d) the 80+1 (5 pm) coating; (e) 
the 80+5 (9-15 nm) coating; (f) the 80+1 (9-15 nm) coating.
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Figure 7-15. The XPS analysis of the surfaces of pure M 3AI coatings: (a) after pre­
oxidation; (b) after metal dusting for 50 hr. (The strong peak of O Is isn’t fully 
showed in both the figures, and some minor impurities, such as Ca, Na, and Si, are not 
labeled in both the figures.)
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An Al-rich oxide layer had been formed on the pre-oxidized pure M 3AI coating 

(Figs. 7-14 (a) and (b)). Fig. 7-15 (a) provides a XPS analysis of the pre-oxidized pure 

M 3AI coating. It was found that the surface contained mainly Al and O, plus minor 

quantities of Ni and Cr. Cr in the coating might derive from the substrate owing to rapid 

interdiffusion between the coating and the substrate at high temperatures, and had been 

observed during high-temperature oxidation as was presented in Chapter 4 and Chapter 6 . 

The high-resolution XPS detected impurities on the surface, including C, Na, Ca, and Si 

(not labeled) (Fig. 7-15 (a)). XPS examination on all the CeCb-dispersed Ni3Al coatings 

after pre-oxidation yielded similar results, and are therefore not presented here. XRD 

analysis further identified the oxide layer formed on all the pre-oxidized M 3AI base 

coatings to be CX-AI2O3. Some nickel-rich particles were observed on the surface of the 

pre-oxidized pure M 3AI coating (indicated by a white arrow in Fig. 7-14 (b)), which 

were consistently observed on all the pre-oxidized CeC>2-dispersed M 3AI coatings. It 

should be noted that excessive scale spallation was observed on the pre-oxidized pure and 

the two pre-oxidized 5 pm CeCb-dispersed M 3AI coatings. The spallation was most 

severe on the pre-oxidized pure M 3AI coating and the pre-oxidized 80+5 (5 pm) coating, 

but less on the pre-oxidized 80+1 (5 pm), as shown in Figs. 7-14 (a)-(d). Grains of 

coating matrix are visible at spalled sites. However, two pre-oxidized nano CeCb- 

dispersed M 3AI coatings exhibited excellent resistance to spallation (Figs. 7-14 (e) and 

(f)), with only a few spalled areas scattered on the surface .

Figs. 7-16 (a) and (b) Present typical cross-sectional micrographs of the pre- 

oxidized M 3AI base coatings. The entire coating was free of original pores (Fig. 7-16 (a)) 

owing to the annealing treatment described in Chapters 2 and 3. It was found that pores 

in the coatings could be healed during high temperature exposure by self-sintering, inter- 

diffusion and the Kirdendall effect, and that the healing rate strongly depended on 

temperature (Chapters 4 and 6 ). Fig. 7-16 (b) shows that (X-AI2O3 scale on the coating is 

very thin ( 1 - 2  pm thick).
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Figure 7-16. The cross-section view of the pure M 3AI coating after pre-oxidation at 
1100 °C in H2-0 .6 %H2O for 24 hr: (a) the cross section of coating, (b) the oxide layer 
induced by the pretreatment.
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(b) Pre-oxidized Pure NiyVI Coating (80+0)

Figs. 7-17 depict the surface morphologies of the pre-oxidized pure NisAl coating 

after metal dusting for 50 hr.

Figure 7-17. The surface morphology of the pre-oxidized pure M 3AI coating after 
metal dusting for 50 hr: (a) the low-magnification view; (b) the high-magnification 
view showing the formation of catalytic coke.
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As shown in Fig. 7-17 (a), the coating surface after metal dusting differed little 

from that just after pre-oxidation in Fig. 7-14 (b). No noticeable coke was seen on the 

coating surface, except that several fine catalytic coke filaments were nucleated at Ni-rich 

particles (indicated by white arrows in Fig. 7-17 (b)). The XPS spectrum of the coating 

surface after metal dusting for 50 hr is similar to that of the as-pre-treated. The intensity 

of C peaks in the two spectrums also differs little, indicating negligible coke formation 

from testing. With time, the coating surface suffered from accelerated coke deposition. 

The micrograph of the coating surface, which is covered with numerous coke clusters 

after 200 hr, is shown in Fig. 7-18 (a). The spalled areas were no longer visible after pre­

oxidation, probably because they were covered by coke. The coke clusters are highly 

filamentous at high magnification (Fig. 7-18 (b)). By 500 hr, coke clusters on the pre- 

oxidized pure M 3AI coating have been intensified (Fig. 7-19 (a)). The catalytic 

filamentous coke with Ni-rich particles at filament tips was predominant (Fig. 7-19 (b)). 

Coke scraped from the coating surface was analyzed by XRD to be mainly graphite and 

Ni (Table 7-3). The coating surface morphology after removal of coke is presented in Fig. 

7-20 (a). Significant pitting attack, an indication of severe metal dusting, is clearly 

observed. According to the EDS spectrum in Fig. 7-20 (b), the pitting area was mixed 

with high quantities of C, Al, O, and Ni along with certain substrate elements including 

Cr, Mn, Fe, and Si.
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Cluster

Figure 7-18. The coke on the pre-oxidized pure M 3AI coating after metal dusting for 
2 0 0  hr: (a) the low-magnification view; (b) the high-magnification view.
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Figure 7-19. The surface morphology of the pre-oxidized pure M 3AI coating after 
metal dusting for 500 hr: (a) the massive coke on the coating surface; (b) the high- 
magnification view of the coke.
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Figure 7-20. The surface morphology of the pre-oxidized pure M 3AI coating after 
metal dusting for 500 hr (after the scraping of coke): (a) the severe pitting on the 
coating surface; (b) the EDS analysis of the pitting area.
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Figs. 7-21 (a) and (b) show the cross-sections of the pre-oxidized pure M 3AI 

coating after metal dusting for 200 hr. According to Fig. 7-21 (a), some pits had been 

nucleated by 200hr. They are located under the thick coke protrusions. Ni-rich particles 

were dispersed within the coke protrusions (Fig. 7-21 (b)). A Ni-rich band existed along 

the coating surface within the pit (Fig. 7-21 (b)). By 500 hr, pits became bigger and 

attached to each other at some locations (Fig. 7-22 (a)). Coke protrusions on the pits had 

also grown to larger dimensions. These observations are comparable to those of the un- 

pre-oxidized 80+5 (9-15 nm) coating after metal dusting for 500 hr (Fig. 13 (a)). The 

coke protrusions in Fig. 7-22 (b) had a stratified structure, which was typical o f other 

coating samples. This structure might result from a cyclic deposition of coke. The 

morphology of the pit / the coating interface is shown in Fig. 7-22 (c). The coke within 

the pits above the coating matrix was rich in Ni, Al, O, and C, with minor amount of Fe, 

Cr, and Mn. The coating matrix contained mainly Ni and Al, plus small amount of Fe and 

Cr. There is a narrow Al-depleted zone on top of the coating matrix (Fig. 7-21 (b)). In 

contrast, the coating surfaces free of carbon attack were always covered with a compact 

AI2O3 scale, as shown in Fig. 7-22 (d).
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75 micrometers

mm

Figure 7-21. The cross section of the pre-oxidized pure Ni3Al coating after metal 
dusting for 200 hr: (a) the low-magnification view; (b) the high-magnification view of 
a typical pit.
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600 micrometers

Figure 7-22. The cross section of the pre-oxidized pure N13AI coating after metal 
dusting for 500 hr: (a) the low-magnification view; (b) the high-magnification view of 
a typical pit; (c) the pit / the coating matrix interface in (b); (d) the view of the area 
without pitting.
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Figure 7-22 (continued).
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(c) Pre-oxidized 5 pm Ce02-dispersed Ni3Al Coatings

The two pre-oxidized 5 pm Ce02-dispersed Ni3Al coatings exhibited a metal- 

dusting behavior similar to that of the pre-oxidized pure Ni3Al coating. Coke formation 

was slow in the early stage of metal dusting, but accelerated after 200 hr. Figs. 7-23 (a)-

(d) provide the surface morphologies of the two coatings after 500 hr.

Figure 7-23. The surface morphologies of the pre-oxidized 5pm CeCb-dispersed Ni3Al 
coatings after metal dusting for 500 hr: (a) the 80+5 (5 pm) coating; (b) the 80+5 (5 
pm) coating after the removing of coke; (c) the 80+1 (5 pm) coating; (d) the 80+1 (5 
pm) coating after the coke deposits were removed.

Although coke formation on the pre-oxidized 80+5 (5 pm) coating (Fig. 7-23 (a)) 

was minor compared with that on the pure Ni3Al coating (Fig. 19 (a)), many coarse coke 

clusters were nonetheless visible on the surface. Coke composition on the pre-oxidized 

80+5 (5 pm) coating was determined to be graphite and Ni (Table 7-3), which was
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similar to the pre-oxidized pure M 3AI coating after metal dusting for 500 hr. The coating 

surface after removal of the coke deposit showed significant pitting attack (Fig. 7-23 (b)). 

The severity of pitting, however, appeared less than that on the pre-oxidized pure M3AI 

coating (Fig. 20 (a)). The pre-oxidized 80+1 (5 pm) coating after 500 hr of metal dusting 

exhibited much less coke formation and pitting attack than the pre-oxidized 80+5 (5 pm) 

coating and the pre-oxidized pure M 3AI coating (Figs. 7-23 (c) and (d) respectively). 

Coke clusters on the pre-oxidized 80+1 (5 pm) coating (Fig. 7-23 (c)) were much finer 

than those on the pre-oxidized 80+5 (5 pm) coating (Fig. 7-23 (a)). Pitting attack was 

found only at some local areas, and the coating surface remained mostly undamaged (Fig. 

7-23 (b)).

The evolution of cross-sectional morphologies of the pre-oxidized 5 pm CeC>2- 

dispersed Ni3Al coatings with time was similar to that of the pre-oxidized pure M3AI 

coating. Some small pits were seen on the coating at 200 hr. With increasing time, 

pitting expanded laterally and in depth, and coke protrusions began to build up as well. 

Typical morphologies of the pre-oxidized 80+5 (5 pm) coating upon 500 hr exposure are 

shown in Figs. 24 (a) and (b). Surface areas with pitting attack on the pre-oxidized 5 pm 

CeC>2-dispersed M 3AI coatings (Fig. 24 (a)) were found significantly less than those on 

the pre-oxidized pure Ni3Al coating (Fig. 7-22 (a)). A zone rich in Ni was also observed 

on the coating matrix within a pit (Fig. 7-24 (b)). Pitting attack did not occur on surfaces 

with intact protective scale.
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Figure 7-24. The cross section of the pre-oxidized 80+5 (5 pm) coating after metal 
dusting for 500 hr: (a) at low magnification; (b) at high magnification.

(d) Pre-oxidized Nano CeCh-dispersed M 3AI Coatings

The surface morphologies of the two pre-oxidized nano CeC^-dispersed M 3AI 

coatings after 200hr exposure are shown in Fig. 7-25. There were much fewer coke 

clusters on these coatings compared to those of the pre-oxidized pure and 5 pm CeC>2- 

dispersed M 3AI coatings. The high-magnification micrograph in Fig. 7-25 (b) revealed 

only scattered coke filaments at some Ni-rich catalytic sites. Fig. 7-26 shows the 

morphologies after 500 hr of exposure. According to Figs. 7-26 (a) and (b), coke clusters 

at 500 hr were comparable to those at 200 hr of exposure. Pitting attack on both coating 

surfaces was negligible, although it appeared even lesser on the 80+5 (9-15 nm) coating 

(Fig. 7-26 (c) and (d)). No pitting attach was observed on the cross-section of coatings 

after 500 hr (Fig. 7-27 (a)). This could be related to the presence of a close-packed thin 

layer of CX-AI2O3 on the surface (Fig. 7-27 (b)).
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Figure 7-25. The surface morphology of the pre-oxidized 80+5 (9-15 nm) coating 
after metal dusting for 200 hr: (a) at low magnification; (b) at high magnification.
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Figure 7-26. The surface morphologies of pre-oxidized nano CeC^-dispersed M 3AI 
coatings after metal dusting for 500 hr: (a) the 80+5 (9-15 nm) coating; (b) the 80+5 
(9-15 nm) coating after the removing of coke; (c) the 80+1 (9-15 nm) coating; (d) the 
80+1 (9-15 nm) coating after the removing of coke.
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600 micrometers

(a)

Figure 7-27. The cross section of the pre-oxidized 80+5 (9-15 nm) coating after metal 
dusting for 500 hr: (a) at low magnification; (b) at high magnification.
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7.4 Discussion
7.4.1 Un-pre-oxidized Coatings

(a) General Characteristics

In this study, un-pre-oxidized Ni3Al-based coatings were observed to be 

susceptible to metal dusting as well as coke formation when exposed to 24.4%CO- 

7 3 .3 %H2-2 .3 %H2 0  gas mixtures at 650 °C. Metal dusting and coke formation appear to 

be more severe on the two nano CeC>2-dispersed Ni3Al coatings. In the early stage of 

metal dusting, only catalytic coke filaments were nucleated on all the coating surfaces. 

Catalytic coke continued to build up with time, and the coating surface began to suffer 

from local pitting attack by graphite carbon. The coating matrix was then delaminated 

into fine particles by the inward growth of graphite. The catalytic coke derives a 

heterogeneous reaction of hydrocarbon feedstock with metals such as Fe and Ni, which 

are excellent catalysts for carbon deposition [6 ]. Recent studies [6 , 33, 35] found that 

sources of catalysts included transiently-formed FeO, NiO or (Fe,Ni,Cr)-spinel, which 

would be reduced to Fe, Ni, or Fe-Ni particles by reducing atmospheres. Formation of 

filamentous coke in the early stage of metal dusting on the current Ni3Al base coatings 

(e.g., Fig. 7-2(a)) suggests that the surfaces of Ni3Al base coatings contain abundant 

catalytic sources, primarily Ni particles, according to EDS and XRD analysis of the coke. 

No evidence of Al-rich oxide scale was found on coating surfaces even after 500 hr, nor 

were carbides observed either in the coke layer or in the coating matrix during metal 

dusting. The metal-dusting behavior of the current Ni3Al base coatings is very similar to 

that of Ni and Ni base alloys free of Cr, which is characterized by (a) direct inward 

growth of graphite into the matrix, (b) catalytic coke formation at Ni particles [1, 4, 8 ], 

and (c) disintegration of metal matrix at the end. The short-term metal dusting behavior 

of the pure Ni3Al coating in our study contradicts that reported by StrauB et al. [22], who 

observed severe metal dusting only in Fe3Al base alloys and Fe-containing Ni3Al base 

alloys, but little metal dusting in the pure Ni3Al alloy when exposed to CO-H2-H2O with 

ac = 41.5 at 650 °C for 48 hr.

267

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(b) Oxidation of N^Al-Based Coatings

The formation of protective AI2O3 on M 3AI alloys is complicated. It is strongly 

affected by composition (the Al content), temperature, oxygen partial pressure, and 

alloying elements. According to the Wagner’s intemal-oxidation theory [36], AI2O3 

particles precipitated in an intemal-oxidation zone (IOZ) shall exceed a critical 

concentration to become an external AI2O3 scale. High Al content, high temperature, and 

low oxygen partial pressure promote the transition from internal oxidation to external 

oxidation. Oxidation of M 3AI alloys at low temperatures ranging from 500-730 °C and 

high oxygen partial pressures has been studied by Perez et al. [29, 30] and Haerig et al. 

[31]. They found that an intemal-oxidation zone (IOZ), mixed with a Ni matrix and 

selectively oxidized AI2O3 particles, formed first, followed by the intermediate Ni layer 

and finally the outer NiO layer. A thin AI2O3 scale formed only after a considerable 

period of time. At 635 °C, a close-packed AI2O3 scale would not form until 200 hr [30], 

Haerig et al. [31] also observed a 2-3 nm thick native oxide layer, consisting of NiO and 

amorphous AI2O3, which always formed on the pure M 3AI alloy during exposure at room 

temperature in air. At low oxygen partial pressure, p Qi < 1 0 atm, and low temperature

(below 800 °C), AI2O3 scale, or possibly Ni particles on the surface, would be exclusive 

[31, 37-40]. Venezia et al. [39] reported that only Y-AI2O3 was formed initially on the 

pure M3AI alloy above 700 °C, whereas two types of AI2O3, an amorphous AI2O3 and an 

intermediate oxide with weaker Al-0 bonds, were observed below 700 °C.

The CO-H2-H2O in this study has a theoretical oxygen partial pressure of 

p 02 = 6.35 x\0~26atm at 650 °C, as mentioned earlier. M 3AI base coatings will

experience oxidation in such an oxygen-deficient atmosphere. Consequently, the 

formation of NiO on our M 3AI base coatings seems impossible, whereas the formation of 

AI2O3 is favored (Table 7-2). AI2O3 scale is inert to catalytic coke and well resistant to 

carbon attack. The work in Chapter 6  also revealed that our Ni3Al-based coatings 

exhibited superior carburization resistance at 850 °C and 1050 °C in the highly reducing 

2 %CH4-H2 atmospheres. This was due to slowly-formed AI2O3 scale. As a result, it is 

expected that our M 3AI base coatings should exhibit resistance to metal dusting, which
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contradicts the experimental observations. Straufi et al. [22] and Schneider et al. [23] 

also reported a lack of AI2O3 scale on the pure Fe3Al alloy during metal dusting at 650 °C 

in CO-H2-H2O. Our Ni3Al base coatings did suffer oxidation during metal dusting at 650 

°C by forming Ni-Al-0 clusters, which were detected on the coating surface after 50 hr 

exposure (Fig. 7-2 (a) and (c)). In this study, pitting attacks had occurred only at a few 

locations on the surface during the early stage of metal dusting. This suggests that an Al- 

rich oxide scale might have been present on our Ni3Al-based coatings prior to or during 

metal dusting. The growth rate of scale at a temperature of 650 °C is very slow, and the 

scale is too thin to be detected. As proposed by Venezia et al. [39], below 700 °C the 

growth of AI2O3 on the pure M 3AI alloy was controlled by the slow diffusion of oxygen 

through amorphous AI2O3 scale. Rapid pitting attack on the Ni3Al-based coatings during 

metal dusting is another crucial factor for the absence of a healing AI2O3 scale, a matter 

that will be further discussed later.

(c) Mechanisms of Coke Formation and Metal Dusting

Many catalytic coke filaments containing Ni or Ni-rich particles were formed on 

all the M 3AI base coatings in the early stage of metal dusting. According to the above 

discussion, these catalytic Ni or Ni-rich sources could derive from NiO oxides in the 

native oxide layer, or Ni particles formed during selective oxidation of AI2O3, or regions 

of Ni-Al matrices free of AI2O3 scale. At these catalytic sites, CO gas molecules are 

adsorbed and dissociated to C atoms and O atoms [3, 4, 10, 33, 41], C atoms diffuse into 

the Ni matrix, where a saturation of C atoms can cause a nucleation of graphite, 

especially at grain boundaries. Graphite grows as more C atoms diffuse inward through 

the Ni matrix. At the same time, the matrix disintegrates, which in turn intensifies the 

above processes. If the catalytic particles on the coating surfaces or the metal particles 

from disintegration were of nano sizes, carbon atoms dissolved in the particle, may 

precipitate out on the particle surface rather than in the interior of the particle [3, 10, 41]. 

This forms the body of the carbon filament, while other carbon atoms migrating via the 

particle surface build up the outer skin of the filament. Consequently, the particle will be 

lifted up from the coating matrix as more carbon atoms are deposited at the particle/the 

graphite filament interface, resulting in an outward growth of the graphite filament. This
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mechanism concerning the formation of nano carbon filaments may well explain the 

observation that a carbon filament on all the coating surfaces during metal dusting is 

always of nano size and contains a nano Ni-rich particle at its tip. This phenomenon was 

also commonly observed on Fe-based or Ni-based alloys or catalysts [3, 10, 33, 34, 42]. 

However, Schneider et al. [8 ] and Grabke [1, 4, 43] believe that compressive stresses 

deriving from the inward growth of graphite into the matrix cause outward diffusion of 

metal elements (Fe or Ni) via the graphite filaments, and nano metal particles form due to 

the subsequent agglomeration. The validity of this mechanism is still being debated [3].

Localized carbon attack on NijAl-based coatings was observed during the early 

stage of metal dusting. This may result from a poor coverage of AI2O3 scale at some 

locations or the presence of defects in AI2O3 scale. In a disintegrated area, Ni-atoms will 

be transported outward, while Al atoms are oxidized and precipitated in the coke as 

AI2O3 particles. The latter may stay in the inner portion of the coke layer, as they are inert 

for carbon deposition. This can explain why the coke outside a pit contained a higher 

concentration of Ni, whereas the coke within a pit has a higher Al content. The 

degradation may become intensified at a given location, and may also take place at less 

vulnerable locations with time.

(d) Effect of CeC>2 Particles

It is believed that CeC>2 facilitates the formation of ( > 2 0 3  or AI2O3 on Cr-or Al- 

containing alloys or coatings [44-47]. This effect shall offer our CeC^-dispersed M 3AI 

coatings with much better resistance to metal dusting and coke formation than the pure 

M 3AI coating. However, this is contrary to our experimental results, in which the CeCh- 

dispersed M 3AI coatings—especially the two nano Ce0 2 -dispersed coatings—had 

inferior resistance to metal dusting and coke formation. Straub et al. [17] found that as 

little as 0.05wt% Ce reduced the resistance of Alloy 800 to metal dusting. However, no 

explanation was provided for this effect. It is well-known that the addition of CeC>2 can 

improve Ni catalysts for methane reforming [48-54]. The beneficial effects of CeC>2 

include (a) maintaining high specific surface area of oxide supporters at high 

temperatures, (b) enhancing the dispersion of Ni particles, (c) interrupting the sintering of
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Ni particles, and (d) mitigating carbon deposition on Ni particles. Hettige et al. [55] 

reported that carbon deposition on the Ce/Al2C>3 catalyst during the oxidation of 

cyclohexane was as low as that on the pure AI2O3 catalyst. Consequently, CeC>2 itself 

cannot be responsible for the severe carbon deposition and metal dusting observed on 

Ni3Al-based coatings in this study.

Ce0 2 -modified Ni catalysts always have a low Ni loading, less than 10wt% [48- 

50, 52, 53, 56]. Ni loadings above 10wt% can cause a loss of full dispersion of fine Ni 

particles due to sintering, which, in turn, reduces the conversion efficiency of Ni catalysts 

and lead to an accelerated carbon deposition [53]. Our Ce0 2 -Ni3Al-based coatings are 

bulk materials with high Ni content, more than 85wt%, which are distinct from CeCh- 

modified Ni catalyst systems. Carbon deposition and pitting attack were observed to take 

place preferentially in Ce-rich regions (e.g., Figs. 7-6 (a) and (b), and Fig. 7-9 (b)). This 

suggests that those areas might be highly catalytic, and that Ce0 2  particles may have 

enhanced the formation of catalytic sources such as Ni and NiO particles.

Figs. 7-28 (a)-(d) depict the cross-sections of Ce0 2 -dispersed M3AI coatings prior 

to metal dusting. According to these figures, the 80+5 (5 pm) coating (Fig. 7-28 (a)) 

contained more Ce0 2  particles (white phases) than the 80+1 (5 pm) coating (Fig. 7-28

(b)). Matrix material surrounding white Ce0 2  particles has invariably shown less 

darkness on backscattered electron micrograph, probably as a result of a lower Al content 

in those regions. This can be seen also in the 80+5 (9-15 nm) coating, although individual 

nano particles are not discernible. It is natural that more Ni-rich phases can be expected 

in the coatings with higher CeC>2 content. According to Chapter 3, an increase of the 

Ce0 2  concentration in the plating bath increases CeC>2 particle content but decreases Al 

particle content in the Ni matrix. Consequently, some Ni phases with low Al content will 

be formed if the volume fraction of Al in the coating is lower than 30vol%, for example, 

the 80+5 (9-15nm) coating in Fig. 7-28 (d), which contains 29.83vol% of Al particles 

according to Table 7-1.
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Previous work by Pettit [28] indicated that the lower the Al content in Ni-Al 

alloys and the temperature, the easier the formation of NiO during oxidation. Chapter 4 

had also observed that Ni-rich oxide crystals were formed preferentially over Ce0 2  

particles during oxidation at 850 °C and 1050 °C in dry air. NiO seems unlikely to be 

formed in the current oxygen-deficient environment, p Qi =6.35x10~26atm. The recent

works by Hultquist, et al. [57-61], however, found that noble metals such as Pt and 

reactive oxides such as Y2O3 and Ce0 2  could significantly enhance the dissociation of O2, 

and thus the effective oxygen activity at the gas/scale interface. Less stable AS2O5 in 

GaAs [58] and NiO in NiAl [61] were found to be more dominant at the outmost oxide 

scale rich in Pt than that without Pt during oxidation under p Qi = 1.97 x 10~6atm at 500 °C

and at 1050 °C, respectively. It is reasonable to assume that the presence of Ce0 2  

particles in the current M 3AI base coatings also promotes the dissociation of oxygen at 

the Ce0 2 -rich regions and increases the actual oxygen activity to such a level that the 

formation of NiO would be possible. NiO can be easily reduced to Ni under the current 

test conditions. The latter is directly related to the carbon deposition and subsequent 

metal dusting and pitting attack observed.

As for the worst performances o f nano Ce0 2 -dispersed M 3AI coatings, the size of 

Ce0 2  particles played a crucial role. Firstly, nano Ce0 2  may be more potent than 5 pm 

Ce0 2  for the dissociation of O2. Secondly, the existence of Ce0 2  can further enhance the 

formation of NiO owing to the reactive-element effect (REE) [62-64]. Czerwinski, et al. 

[62, 65] reported that the effectiveness of Ce0 2  particles, in terms of the ability to supply 

Ce4+ ions, strongly depended on particle size, and Ce0 2  particles above 10 nm could not 

serve as effective sources of Ce+4 ions, especially at low temperatures. As a result, nano 

Ce0 2  will be more favorable to the formation of NiO than 5 pm Ce0 2 , and thus cause 

more coke formation and metal dusting. The 80+5 (9-15 nm) coating, since contained the 

largest fraction of Ni-rich phases, had the poorest resistance to metal dusting and coke 

formation.
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Figure 7-28. Backscattered Electron Micrographs showing the cross-sectional 
morphologies of the CeC^-dispersed M 3AI coatings: (a) the 80+1 (5 pm) coating; (b) 
the 80+5 (5 pm) coating, (c) the 80+1 (9-15 nm) coating; (d) the 80+5 (9-15 nm) 
coating.
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Figure 7-28. (Continued)
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7.4.2 Pre-oxidized Coatings
(a) General Characteristics

According to our experimental results, the pre-oxidation treatment can improve 

the resistance of the pure and the Ce0 2 -dispersed M 3AI coatings to coke formation and 

metal dusting. All pre-oxidized coatings showed much less catalytic coke formation and 

pitting attacks than corresponding coatings without pre-oxidation during metal dusting up 

to 200 hr. This improvement can be attributed to the presence of a thin 01-AI2O3 scale on 

the coatings formed during the pre-oxidation treatment. As the solubility of carbon in the 

oxides such as Q 2O3, AI2O3, and SiC>2 is negligible [43, 6 6 ], the ingress of carbon can be 

completely blocked if  the oxide scale is fully dense and compact. It takes many years for 

carbon to accumulate to level of 100 to 1000 ppm in the oxide scale [26]. Furthermore, 

because AI2O3 scale is folly inert, the deposition of catalytic coke can then be greatly 

suppressed. The experimental results also showed that coke formation and metal dusting 

behaviors of the M 3AI base coatings were significantly affected by the integrity of a- 

AI2O3 scale. The pre-oxidized pure M 3AI coating experienced the most severe spallation 

after pre-oxidation, and also exhibited the least resistance to coke formation and pitting 

attack, which was comparable to the un-pre-treated 80+5 (9-15 nm) coating. The two pre- 

oxidized 5 pm CeC>2-dispersed M 3AI coatings had also suffered severe coke formation 

and metal dusting due to poor resistance to spallation during pre-treatment.

T h e  t w o  p r e - o x id iz e d  n a n o  C e C b -d is p e r s e d  M 3 A I  c o a t in g s  h a d  fo r m e d  a n  a m p le  

c o v e r a g e  o f  (X-AI2O3 s c a le  b y  p r e - tr e a tm e n t , a n d  s h o w e d  a lm o s t  n o  m e t a l  d u s t in g  a n d  

m u c h  l e s s  c o k e  fo r m a t io n . A I2O 3 s p a l la t io n  le a d s  to  a  d ir e c t  e x p o s u r e  o f  th e  b a r e  c o a t in g  

m a t r ix  t o  C O -H 2 -H 2 O  d u r in g  m e t a l  d u s t in g ,  a n d  r e g e n e r a t io n  o f  A I2O 3 s c a l e  o n  th e  

s p a l le d  a r e a s  i s  a ls o  im p o s s i b l e  d u e  t o  l o w  t e s t in g  te m p e r a tu r e  o f  650 °C. C o k e  fo r m a t io n  

a n d  m e t a l  d u s t in g  a r e  p r o b a b ly  in it ia te d  in  th e  s p a l le d  r e g io n s .  T h e  u n d e r ly in g  

m e c h a n i s m s  o f  c o k e  fo r m a t io n  a n d  m e t a l  d u s t in g  in  t h e  s p a l le d  a r e a  a re  s im ila r  to  t h o s e  

o c c u r r in g  o n  th e  N i3 A l  b a s e  c o a t in g s  w it h o u t  p r e - o x id a t io n .  M o r e  im p o r ta n t ly , th e  

f o r m a t io n  o f  A I2O 3 s c a l e  d u r in g  p r e - o x id a t io n  a t h ig h  t e m p e r a tu r e s  a lw a y s  le a d s  to  a n  A l -  

d e p le t e d  z o n e  ( N i  s o l id  s o lu t io n )  in  t h e  m a tr ix  b e lo w  th e  s c a l e  d u e  to  th e  c o n s u m p t io n  o f  

A l  [29, 67-69]. N i - A l  s o l id  s o lu t io n  i s  m o r e  s u s c e p t ib l e  to  c o k e  fo r m a t io n  a n d  m e t a l
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dusting than the NisAl matrix. Consequently, this Al2C>3-free Ni-Al matrix would be 

more vulnerable to carbon attack than the N13AI matrix. This explains why the pre­

oxidized pure Ni3Al coating was inferior to the un-treated pure M 3AI coating in terms of 

coke formation and metal dusting during extended exposure.

(b) Spallation and Effect of CeC>2

The pure N13AI coating in this study experiences severe spallation of AI2O3 scale 

after pre-oxidation at 1100 °C for 24 hr (Figs.7-14 (a) and (b)). The spallation of AI2O3 

has commonly been observed on the pure Ni-Al base alloys or coatings during cyclic 

oxidation at high temperatures. Work presented in Chapters 4 and 6  showed excessive 

spallation of the pure M 3AI coating during cyclic oxidation and carburization at 1050 °C, 

and the spallation during cyclic oxidation occurred at as soon as 10 hr. It is generally 

believed that the failure of the oxide scale is mainly related to the internal compressive 

stresses, that result from scale growth, thermal cycling, and mismatch at the 

scale/substrate interface [44, 45, 70-72], and from the formation of interfacial and/or 

internal voids in the AI2O3 scale [44, 73].

The presence of CeC>2 particles in Ni-Al base alloys or coatings can effectively 

reduce the spallation of the protective scale owing to the REE: (a)suppressing the 

formation of interfacial or internal voids [45, 47, 67, 74]; (b)modifying the growth 

mechanisms of the scale; (c)enhancing the mechanical properties of the scale [47, 62, 64, 

75-77]; and (d) eliminating the harmful effect owing to the segregation of impurities 

such as sulfur at the scale / coating interface [74, 78-80]. In Chapters 4 and 6 , we had 

observed that CeC>2 improved the adherence of the oxide scale to M 3 A I  base coatings, 

and reduced the spalling and cracking of the scale during either cyclic oxidation in the 

flowing air or cyclic carburization in C H 4 - H 2  at 1050 °C.

The CeC>2-dispersed M 3AI coatings under study exhibit a dependence of 

spallation resistance on the size of CeC>2 particles. Two nano Ce0 2 -dispersed M 3AI 

coatings showed almost no spallation after pre-oxidation, while 5 pm CeCh-dispersed 

M 3AI coatings experience extensive scale damage. Previous studies had suggested that
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the REE was linked to the segregation [64, 65, 81] or the precipitation [82, 83] of the 

ions o f reactive elements (e.g., Y, La, Ce, Hf) at the scale-grain boundaries or the 

scale/matrix interface. As mentioned earlier, the ability of CeC>2 particles to supply Ce4+ 

ions is determined by their sizes, and CeC>2 particles larger than lOnm could not serve as 

effective sources of Ce4+ ions [62, 65]. Consequently, 9-15 nm CeC>2 particles have an 

advantage over 5 pm CeC>2 particles in providing Ce4+ ions for the improvement of the 

spallation resistance of AI2O3 scale. However, this beneficial effect is seen largely at low 

temperatures, at which the decomposition of CeC>2 particles is slow. At higher 

temperatures, e.g., 1100 °C, the decomposition of CeC>2 and the supply of Ce4+ become 

sufficiently rapid, and the particle-size effect if  present may be limited only in the very 

early stage of oxidation. The two 5 pm CeC>2-dispersed M 3AI coatings have much higher 

CeC>2 content than the two nano Ce0 2 -dispersed M 3AI coatings (Table 7-1 and Figs. 7-28 

(a)-(d)). During the pre-oxidation at 1100 °C, the two 5 pm CeC>2-dispersed M 3AI 

coatings would produce much more Ce4+ ions than the two nano CeCE-dispersed M 3AI 

coatings. An optimum doping concentration for reactive elements or their oxides exists in 

the oxide scale to achieve the “reactive-element effect” [84, 85]. Excessive doping can 

deteriorate only the mechanical properties of the scale, while too low doping has no 

effect. From these observations, we believe that high CeC>2 content is the main reason 

why the two 5 pm CeC>2-dispersed M 3AI coatings were inferior to the two nano CeC>2- 

dispersed M 3AI coatings in terms of spallation resistance. This mechanism may also 

explain the difference in spallation resistance between the two pre-oxidized 5 pm CeC>2- 

dispersed M 3AI coatings with different amounts of CeC>2 .

(c) Catalytic Coke on a-Al203  Scale

Although the two pre-oxidized nano Ce0 2 -dispersed M 3AI coatings had the best 

0C-AI2O3 scale coverage and showed the highest resistance to carbon attack, some 

catalytic coke was nonetheless observed on the coating surface after metal dusting for 

500 hr. This type of coke formation always derives from catalytic Ni-rich sources (Fig. 7- 

17 (b)), which are present on a-AbC^ scale for all the M 3AI base coatings after pre­

oxidation (Figs. 7-14 (b) and 7-15 (a)). The formation of Ni-rich particles on 01-AI2O3 

scale was also found on our M 3AI base coatings during carburization at 850 °C and 1050
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°C in 2 %CH4-H2 with an extremely low oxygen partial pressure as indicated in Chapter 6 . 

This has been reported to be common for M 3 AI base alloys during oxidation at low 

oxygen partial pressures [8 6 -8 8 ]. The mechanism may be associated with selective 

oxidation of M 3AI in the oxygen-deficient atmosphere. Significant compressive stresses 

are often generated during selective oxidation of M 3AI at the low oxygen partial pressure 

as given by [8 6 ]

Ni3Al + 0 2 —» Al20 2 + Ni (7-3)

To reduce these stresses, Ni would diffuse outward either along the oxide/matrix 

interface [8 6 ] or via the lattices or dislocation pipes of the alloy matrix [87]. This process 

usually stops when a dense and compact AI2O3 scale is formed. Our experimental results 

indicate that Ni particles will remain on the AI2O3 scale to act as catalysts for the 

deposition of filamentous coke. The formation of Ni particles on CX-AI2O3 scale may be 

suppressed or even eliminated if the oxygen partial pressures during pre-oxidation were 

controlled below 1CT19 -  1CT22 atm [87, 8 8 ].

7.5 Concluding Remarks
Coke formation and metal dusting of electrodeposited pure, nano CeC>2-dispersed, 

and 5 pm CeC>2-dispersed M 3AI coatings with and without pre-oxidation were 

investigated at 650 °C for periods of up to 500hr in a CO-H2-H2O gas mixture with 

ac = 12.2. The following conclusions can be drawn:

1. All the M 3AI base coatings, especially the two nano CeC>2-dispersed M 3AI 

coatings, showed much lower resistance to metal dusting and coke formation 

than the uncoated Fe-Ni-Cr alloys. Excessive catalytic coke and severe pitting 

attacks were observed for the two nano CeCh-dispersed Ni3Al coatings and 

the 80+5 (5 pm) coatings.

2. It was proposed that the inferior resistance of the current M 3AI base coatings 

to coke formation and metal dusting was related to the testing temperature of 

650 °C, which was too low to form a full coverage of AI2O3 scale on the M 3AI
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base coatings during metal dusting. As a result, localized pitting attack took 

place at vulnerable sites of the coatings.

3. CeC>2 particles in the coatings promoted the formation of NiO, which, in turn, 

allowed more coke formation and pitting attacks. This explains the inferior 

resistance of the CeC>2-dispersed M 3AI coatings to coke formation and metal 

dusting as compared to the pure M 3AI coating. Because they were more 

effective in facilitating the formation of NiO than the 5 pm Ce0 2  particles, 

nano Ce0 2  particles had resulted in the worst resistance to coke formation and 

metal dusting.

4. Pre-oxidation treatment significantly improved the resistance of M 3AI base 

coatings to coke formation and metal dusting by pre-forming a thin AI2O3 

scale on the coating surface. However, the effectiveness of pretreatment 

strongly depended on the mechanical integrity of the scale. The pure M 3AI 

coating and the two 5 pm Ce0 2 -dispersed Ni3Al coatings suffered excessive 

spallation after pre-oxidation, and consequently had more severe coke 

formation and pitting attack during subsequent metal dusting testing. In 

contrast, the two nano Ce0 2 -dispersed M 3AI coatings acquire an excellent 

protective scale through pretreatment. They showed much less coke formation 

and were almost free of pitting attack. Coke deposition and carbon attack 

always began at spalled areas, where the underlying mechanisms would be 

similar to those in the case of M 3AI base coatings without pre-oxidation.

5. The two 5 pm CeC>2-dispersed M 3AI coatings contained much more CeC>2 

than the two nano CeC^-dispersed M 3AI coatings. Higher CeC>2 doping 

reduced the resistance of AI2O3 scale to spallation.

6. Ni-rich particles were formed concurrently with the AI2O3 scale during pre­

oxidation at 1100 °C in H2-0 .6 %H2O with p 0i =3.61x10 'n a tm . These Ni-

rich particles catalyzed coke formation, and were responsible for the mass 

increase of all the M 3AI base coatings during metal dusting.
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Chapter 8 

Concluding Remarks and Future Work
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8.1 Concluding Remarks
The goal of this research project was to develop novel M 3AI base intermetallic 

coatings to protect Fe-Ni-Cr commercial tube alloys widely used in petrochemical, 

chemical, and energy conversion industries from high-temperature corrosion. The study 

consisted of two main aspects: the coating process and the coating evaluation. The 

coating process was covered in Chapter 2 and Chapter 3. The coating evaluation was 

reported in Chapters 4-7. The following are some concluding remarks concerning study.

8.1.1 The Coating Process
As a basis for the entire project, Chapter 2 focused on developing co-deposited 

Ni-Al binary composite coatings from a Watt’s nickel bath via SCD. We produced Ni-Al 

composite coatings with 30-35vol% A1 particles, which is required for the formation of 

single-phase y -M 3 A I intermetallic coatings after annealing treatment. A1 particle content 

in the coatings was found to be insensitive to the change of current density but sensitive 

to A1 particle loading. The co-deposition of A1 particles followed the Guglielmi two-step 

adsorption model, and was distinct from that of non-conducting particles.

Chapter 3 extended the cost-effective SCD technique to co-deposit Ni-Al-REO 

ternary composite coatings, which were in situ synthesized to form reactive oxide- 

dispersed M 3AI coatings. CeC>2, Y2O3, and Al2 0 3 -dispersed Ni3Al intermetallic coatings 

were produced. The interfering of the REO particles with the co-deposition of A1 

particles was observed. This interfering effect was related to the difference in surface 

charge state between REO particles and A1 particle in the plating bath.

8.1.2 The Coating Evaluation

Based on the work in Chapter 2 and Chapter 3, the pure, two 5 pm Ce0 2 - 

dispersed, and two 9-15 nm Ce0 2 -dispersed M 3AI coatings were selected to assess their 

performances at high temperatures in various environments typically encountered during 

hydrocarbon cracking.
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Chapter 4 dealt with the long-term resistance of our electrodeposited Ni3Al 

coatings to cyclic oxidation in flowing dry air with high oxygen partial pressure, 

p 02 = 0.21 atm . All coatings were characterized by poor resistance to cyclic oxidation at

850 °C in the early stage due to high porosity in the coatings. Pore healing, caused by 

interdiffusion and self-sintering, significantly reduced the oxidation rate in the final stage 

of oxidation. At 1050 °C, the porosity effect was not observed due to a rapid densification 

of coatings. CeC>2 particles in the coatings evidently suppressed the spallation of AI2O3 

scale, which was severe in the CeC>2-ffee Ni3Al coating. A discussion of the oxidation 

behavior, the degradation mechanism and the beneficial effect of CeC>2 provided a 

theoretical basis for elucidation of the carburization, coke formation, and metal dusting 

behaviors of the Ni3Al base coatings reported in Chapters 6  and 7.

The work in Chapter 5 focused on a number of ways to improve the long-term 

resistance of the current Ni3Al base coatings to cyclic oxidation at 850 °C. The nano 

CeC>2 and micron Y2 0 3-dispersed two-phase, y-Ni+ 7  -Ni3 Al, Ni-Al coatings showed 

superior cyclic-oxidation resistance at 850 °C for periods of up to 1000 hr. However, the 

low A1 content would limit their applications at higher temperatures. Long-term 

annealing and plating a very thin film proved to be ineffective.

Highly-reducing carburizing atmospheres are typical of Fe-Ni-Cr cracking tubes 

used in modem ethylene plants. Compared to the uncoated Fe-Ni-Cr alloy, all the Ni3Al 

base coatings showed superior carburization resistance in 2 %CH4-H2 at 850 °C and 

especially 1050 °C for periods of up to 500 hr. This was attributed to the strong ability of 

Ni3Al base coatings to form a thin Al2 0 3 scale at extremely low oxygen partial pressure. 

CeC>2 improved the adherence of Al2 0 3 scale, and suppressed the cracking of Al2 0 3 scale 

on the pure Ni3Al coating at 1050 °C. Another important finding was catalytic coke 

formation on the Ni3Al base coatings during an exposure at 1050 °C, which was 

attributed to the presence of Ni-rich particles on Al2 0 3 scale during selective oxidation of 

Ni3Al at the low oxygen partial pressure.
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Coke formation and metal dusting are very problematic for Fe-Ni-Cr alloys used 

in ethylene production furnaces. Based on the work reported in Chapter 7, all the M3AI 

base coatings exhibited inferior resistance to coke formation and metal dusting at 650 °C 

in 24.4%C0-73.3%H2-2.3%H20 compared to the uncoated Fe-Ni-Cr alloy. It was 

believed that the testing temperature was too low to form a full coverage of AI2O3 scale 

on the M3AI base coatings. This was responsible for the marginal performances 

observed. Ce0 2  particles in the M 3AI base coatings promoted the formation of NiO and 

reduced the resistance to coke formation and metal dusting.

Pre-oxidation treatment was used to pre-form a thin AI2O3 scale on the coatings. 

The pre-treated pure M 3AI coating suffered accelerated coke formation and metal dusting 

during long-term exposure owing to severe spallation during the pre-treatment. The two 

pre-treated nano Ce0 2 -dispersed M 3AI coatings showed much better performances than 

the uncoated Fe-Ni-Cr alloy due to excellent mechanical integrity of AI2O3 scale. It was 

also found that the oxygen partial pressure during pre-treatment might be too high to 

suppress the formation of Ni particles catalytic to coke formation on AI2O3 scale.

8.2 Future Work
8.2.1 Interfering Effect

In Chapter 2, the interfering effect of REO particles on the co-deposition of Al 

metal particle was identified. We had proposed that the REO particles might have more 

positive surface charge (zeta potential) than the Al particles in the Watt’s nickel bath. IN 

such case, the REO particles would be preferentially adsorbed onto the cathode surface 

and entrapped in the Ni coating. To support this hypothesis, zeta potential of either the 

REO particle or the Al particle in the bath must be determined. However, the 

conventional zeta potential measurement gives only a value averaging the contribution of 

all the particles. Recently, Liu et al. [1, 2] reported a novel approach to measuring the 

distribution of zeta potential in a solution containing two or more kinds of particles. In 

such an approach, the motion of charged particles can be traced with the aid of a laser- 

illuminating and video-viewing system and captured by a charge-coupled-device (CCD) 

digital camera. The built-in image software can automatically process the images
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obtained, and the corresponding electrophoresis mobility of each type of charging 

particles can be calculated and converted to the zeta potential distribution. If two types of 

particles have a distinct surface charge and are separated from each other in the solution, 

two different peaks corresponding to each type of particle can be expected in the zeta 

potential distribution. If this method can be applied in this research, it will make a solid 

contribution to the understanding of the interfering effect and the co-deposition 

mechanism.

8.2.2 Elimination of Pores
High porosity in the electrodeposited M 3AI base coatings exerted a profoundly 

detrimental effect on the long-term resistance of coatings to cyclic oxidation and 

carburization at low temperatures (e.g., 850 °C). Although preliminary work has been 

conducted, additional studies are required to ensure that the coatings will have adequate 

corrosion resistance over a wide range of temperatures.

8.2.3 Elimination of Ni Particles During Pre-oxidation
According to Chapter 7, pre-treatment significantly improved the resistance of 

M 3AI base coatings to coke formation and metal dusting at 650 °C by forming a thin 

AI2O3 scale. However, the formation of Ni particles on the AI2O3 scale during pre­

treatment led to the deposition of catalytic coke. Other researchers have proposed that 

these Ni particles could be suppressed or eliminated by controlling oxygen partial 

pressure to a level below 10~19 -  \Q~12 atm[2>, 4]. Consequently, the determination of an 

optimum oxygen partial pressure in pre-oxidizing atmospheres is crucial to improve the 

performances of electrodeposited M 3AI base coatings.
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