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ABSTRACT 

 

 

 

 

Fe-Cr-Al is used as metallic support for catalytic converter due to its high thermal 

conductivity, lower heat capacity, high temperature and mechanical shock resistance. 

γ-Al2O3 is the most widely used material as washcoat which embedded on metallic 

support for the catalytic converter application. The problem is the coating adhesion 

between the metallic support and the ceramic washcoat becomes a problem in long-

term high temperature oxidation. On the other hand, the gamma phase of alumina 

will be transformed to alpha phase at high temperature. The ultrasonic technique via 

cavitation bubbles and high velocity can make surface deformation and also 

accelerate the γ-Al2O3 powders to bombardment occurred on the Fe-Cr-Al surface. 

This process generates sufficiently heat and γ-Al2O3 layer can be formed on the Fe-

Cr-Al surface. Subsequently, electroplating process embeds the nickel and also can 

strengthen the adhesion when oxidized. Therefore, this work presents the ultrasonic 

treatment with nickel electroplating for developing γ-Al2O3 washcoat on Fe-Cr-Al 

substrate and oxidation treatment for catalytic converter application. Washcoat layer 

on Fe-Cr-Al was prepared by using γ-Al2O3 powders through ultrasonic treatment. 

Catalyst material was prepared by using nickel electroplating. The oxidation kinetics 

was conducted at temperatures of 500, 700, 900 and 1100 
o
C in air for 100 hours. 

The surface morphology, cross section analysis, chemical composition, elemental 

maps and phase structure of coated Fe-Cr-Al were analyzed by Scanning Electron 

Microscope (SEM), Energy Dispersive X-ray Spectroscopy (EDS) and X-ray 

Diffraction (XRD) respectively. The results showed that the surface of Fe-Cr-Al 

contained γ-Al2O3 powders after ultrasonic treatment. The layer of alumina oxide has 

been formed on coated Fe-Cr-Al and no spallation occurred after oxidation. It is 

prove that γ-Al2O3 washcoat and NiO as a catalyst have successfully embedded on 

Fe-Cr-Al substrate by ultrasonic treatment combined with nickel electroplating at 

long term high temperature oxidation that enhance the adhesive properly. 
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ABSTRAK 

 

 

 

 

Fe-Cr-Al digunakan sebagai sokongan logam untuk penukar bermangkin. Secara 

umumnya, γ-Al2O3 adalah bahan yang digunakan sebagai washcoat yang dilekatkan 

pada sokongan logam untuk aplikasi penukar bermangkin. Masalahnya ialah, lekatan 

lapisan antara sokongan logam dan seramik washcoat menjadi masalah dalam 

pengoksidaan suhu tinggi bagi satu jangka masa yang lama. Selain daripada itu, fasa 

gamma alumina akan mengalami transformasi ke alpha pada suhu tinggi. Teknik 

ultrasonik melalui gelembung kaviti dan kelajuan tinggi akan menyebabkan 

deformasi permukaan dan juga boleh mempercepatkan serbuk γ-Al2O3 menyentuh 

permukaan Fe-Cr-Al. Proses ini menghasilkan haba yang mencukupi dan lapisan γ-

Al2O3 boleh terbentuk pada permukaan Fe-Cr-Al. Disamping melekatkan nikel, 

proses penyaduran juga boleh menguatkan lekatan ketika dioksida. Oleh kerana itu 

dalam kajian ini, kaedah rawatan ultrasonik dengan penyaduran nikel untuk 

pengembangan γ-Al2O3 sebagai washcoat pada substrat Fe-Cr-Al dan rawatan 

pengoksidaan untuk aplikasi penukar bermangkin. Lapisan washcoat pada Fe-Cr-Al 

disusun dengan menggunakan serbuk γ-Al2O3 melalui kaedah rawatan ultrasonik. 

Bahan pemangkin disediakan dengan menggunakan nikel melalui proses penyaduran. 

Pengoksidaan dilakukan di antara suhu 500, 700, 900 dan 1100 
o
C di udara selama 

100 jam. Morfologi permukaan, keratan rentas, komposisi kimia, pemetaan elemen 

dan struktur fasa dianalisis menggunakan Scanning Electron Microscope (SEM), 

Energy Dispersive X-ray Spectroscopy (EDS) dan X-ray Diffraction (XRD). 

Keputusan yang diperolehi menunjukkan bahawa pada permukaan Fe-Cr-Al 

mengandungi lapisan serbuk γ-Al2O3 selepas rawatan ultrasonik. Lapisan alumina 

oksida terbentuk pada permukaan Fe-Cr-Al dan pengelupasan tidak berlaku selepas 

pengoksidaan. Ini membuktikan bahawa washcoat γ-Al2O3 dan NiO sebagai 

pemangkin berjaya melekat pada substrat Fe-Cr-Al melalui rawatan ultrasonik yang 

digabungkan dengan penyaduran nikel pada pengoksidaan suhu tinggi bagi jangka 

masa yang lama dan dapat meningkatkan lekatan dengan baik. 
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

In this chapter, the background of this research will be explained in detail which 

consists of research background, problem statement, hypothesis, aim, objective and 

scope of study. 

 

 

 

 

1.1 Background of study 
 

 

Air pollution caused by cars is one of the most challenging problems that contribute 

to the environment problem.  By-products of the operation of the gasoline engine 

include carbon monoxide (CO), oxides of nitrogen (NOx), and unburned fuel 

compounds is hydrocarbons (HC), each of which is a pollutant (George, 2006).  It is 

known that exhaust gas emissions from the vehicles can cause serious problems for 

human health and greenhouse effect that could endanger the world.  Many 

automotive industries and research institutes have tried to develop catalytic converter 

technology (Zhao et al., 2003). 

The catalytic converter is a device incorporated into the exhaust system of an 

automobile that reduces the amount of pollutants in the automobile's exhaust gases.  

The centerpiece of this technology based on to the three-way catalyst (TWC) used on 

gasoline spark-ignited vehicles in all major world markets today.  The name “three-

way catalyst” was applied to catalytic controls that capable of reducing all three 

criteria pollutants such as, carbon monoxide (CO), oxides of nitrogen (NOx), and 

volatile organic compounds (VOCs).  The three-way catalytic converter (TWC) has 

been the primary emission control technology on light-duty gasoline vehicles since 

the early 1980 (Kubsh, 2006).  This device is located in-line with the exhaust system 
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and used to cause a desirable chemical reaction to take place in the exhaust flow.  

Today, more than 90% of the new automobiles sold around the world are equipped 

with catalytic converters. 

The regulatory programs have been continually pushed to lower levels in 

response to air quality concerns.  California was adopted Low Emission Vehicle II 

(LEV II) program in late 1998, followed by Environmental Protection Agency (EPA) 

finalizing the Tier 2 regulations in December 1999, Europe (Euro 3 and Euro 4 

regulations), Japan (Japan Low Emission Vehicle regulations) and Korea (Korea 

Low Emission Vehicle regulations).  Emission regulations for new vehicles based on 

the use of three-way catalyst technologies are now being implemented in almost 

every world market, including large emerging markets in India and China (Kubsh, 

2006). 

Fe-Cr-Al foils become the most popular material than ceramics in the 

fabrication of catalytic converter monolith due to it advantages for high temperature 

resistance.  Fe-Cr-Al also easily manufactured as honeycomb substrate with thinner 

walls, so that obtain a lower pressure drop and higher contact surface area (Wu et al., 

2005).  Fe-Cr-Al was mentioned that the corrugated and spiral shaped tools have 

been successfully designed and developed for manufacturing the hand-made catalytic 

converter in full scale size (Fahrul et al., 2009).  The washcoat developments usually 

use deposition technique such as a precipitation and dip-coating method (Valentini et 

al., 2001), by impregnation method (Betta, 1997), or electroplating method 

(Sebayang et al., 2010).  The most widely used material in the application of 

washcoat is γ-Al2O3.  γ-Al2O3 has a large surface area, good pore size distribution, 

surface acidic properties, composition of trace components and crystal structure 

(Heck et al., 2009).  Particles size influences the surface area on washcoat with the 

smaller of particle size increase the surface area compared with large particles in the 

same amount and that could affect the quality of washcoat (Ghosh et al., 2008).  The 

focused of research area is shown in Figure 1.1. 
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Figure 1.1: The focused area on washcoat and catalyst development for catalytic 

converter. 

 

 

 

 

1.2 Problem statements 

 

 

The coating adhesion between the metallic support and the ceramic washcoat 

becomes a problem in long-term oxidation between 900 
o
C and 1100 

o
C (Y. 

Putrasari, 2011).  The adhesive ability of the washcoat was still difficult to ensure.  

The washcoat layer is peeling because of the loose adhesion and an unstable oxide 

growth in long term oxidation. γ-Al2O3 will transformed into α-Al2O3 at higher 

temperatures.  However, α-Al2O3 has a smaller of surface area and inappropriate for 

use as a washcoat.  On the other hand, the characteristic of γ-Al2O3 coated on the Fe-

Cr-Al at low temperature between 500 
o
C and 700 

o
C had not been investigated.  

Therefore, this work will discussed on a fundamental study on utilization of γ-Al2O3 

as washcoat on Fe-Cr-Al metallic substrates by ultrasonic treatment with nickel 

electroplating and oxidation treatment in catalytic converter technology. 
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1.3 Hypothesis 

 

 

The ultrasonic technique via cavitation bubbles and high velocity can make the 

surface deformation and also can accelerate the γ-Al2O3 powders, so that it can 

bombardment to the Fe-Cr-Al surface.  These collisions generate sufficient heat and 

γ-Al2O3 layer can form on the Fe-Cr-Al surface.  Electroplating process in addition is 

to embed the nickel and strengthen the adhesion when oxidized.  The expected 

outcomes are the layer of γ-Al2O3 and nickel will embed on the Fe-Cr-Al metallic 

substrates.  The combination of oxide of γ-Al2O3 and NiO can be able to grow and 

provide oxidation resistance on coated Fe-Cr-Al in long-term oxidation in range of 

500, 700, 900 and 1100 
o
C for 100 hours.  The utilization of γ-Al2O3 as a washcoat 

onto Fe-Cr-Al support needs a comprehensive study for catalytic converter, which 

works in high temperature condition between 900 and 1100 
o
C on the close-coupled 

catalytic converter and under-floor catalytic converter at temperature between 500 

and 700 
o
C. 

 

 

 

 

1.4 Aim of study 

 

 

The aim of this research is to develop γ-Al2O3 washcoat on Fe-Cr-Al substrate by 

ultrasonic treatment combined with nickel electroplating and oxidation treatment for 

catalytic converter application  

 

 

 

 

1.5 Objective of study 

 

 

i. To develop γ-Al2O3 washcoat on Fe-Cr-Al metallic substrates for catalytic 

converter application. 

ii. To identify the oxide phase of Al2O3 on coated Fe-Cr-Al after oxidation. 

iii. To enhance the oxidation resistance of coated Fe-Cr-Al in long-term high 

temperature oxidation. 

iv. To produce γ-Al2O3 layer as a washcoat for catalytic converter application. 
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1.6 Scope of study 

 

 

The scopes of this research as follows: 

i. Effect of ultrasonic treatment on γ-Al2O3 powder in particle size distributions. 

ii. Study the effect of γ-Al2O3 on Fe-Cr-Al substrate after ultrasonic treatment. 

iii. Study of nickel electroplating methods in order to obtain deposition technique 

of nickel on the Fe-Cr-Al metallic monolith. 

iv. Long-term oxidation between 500 and 700 
o
C of coated Fe-Cr-Al substrate to 

simulate under-floor catalytic condition. 

v. Long-term oxidation between 900 and 1100 
o
C of coated Fe-Cr-Al substrate 

to simulate close-coupled catalytic converter which works in high 

temperature condition. 

vi. The relationship between weight gain and oxidation period. 

vii. Study the parabolic rate constant (kp) of the kinetics oxidation. 

viii. Phase analysis of coated Fe-Cr-Al after long term oxidation. 

ix. Material characterization using Scanning Electron Microscopy (SEM) 

attached with Energy Dispersive X-ray Spectroscopy (EDS) and X-ray 

Diffraction (XRD). 



 

 

 

 

CHAPTER 2 

 

 

 

 

LITERATURE REVIEW 

 

 

 

 

The literature review focused on catalytic parameters of close-coupled and under-

floor converter application, the fundamental of catalyst materials aspects, washcoat, 

Al2O3 as a washcoat and development, ultrasonic, electroplating, oxidation behavior 

related to catalytic converter parameters will discussed in this section. 

 

 

 

 

2.1 Catalytic converter 

 

 

Catalytic converter is a device that located in-line with the exhaust system and is 

used to cause a desirable chemical reaction to take place in the exhaust flow (George, 

2006).  Close-coupled converters, also called light-off converters, mount on or near 

the engine manifold.  They can provide the first step in removal of gaseous pollutants 

such as hydrocarbons (HC), whereas the under-floor catalyst removed the remaining 

carbon monoxide (CO) and nitrogen oxides (NOx) (Heck et al., 2009). 

The use of a Three-Way Catalytic (TWC) converter that was constructed of 

catalyst coated pellets tightly packed in a sealed shell, while later model vehicles are 

equipped with a monolith type TWC that uses a honeycomb shaped catalyst element.  

While both types operate similarly, the monolith design creates less exhaust 

backpressure, while providing ample surface area to efficiently convert feed gases.  

As engine exhaust gases flow through the converter passageways, they contact the 

coated surfaces which initiate the catalytic process.  When exhaust and catalyst 

temperatures rise, the following reaction occurs, oxides of nitrogen (NOx) are 

reduced into simple nitrogen (N2) and carbon dioxide (CO2). Hydrocarbons (HC) and 
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carbon monoxides (CO) are oxidized to create water (H2O) and carbon dioxide (CO2) 

(Fahrul, 2010). 

A catalytic converter consists of a several component such as substrate, 

washcoat and catalyst material through which hot exhaust gas must pass before being 

discharged into the air as shown in Figure 2.1. 

 

 

 

Figure 2.1: Structure of catalytic converter (Harkonen, 2005) 

 

The performance-based catalytic converter reengineering effort has had three 

main focuses: (1) wide application of close-coupled converters mounted near the 

exhaust manifold of engines for improved performance following a cold engine start; 

(2) the development of thin-wall, high-cell-density substrates for improved 

contacting efficiency between the exhaust gas and the active catalyst, and lowering 

the thermal mass of the converter; (3) the design of advanced, high-performance  

TWCs for both close-coupled and under-floor converter applications that emphasize 

excellent thermal durability (Kubsh, 2006).  Figure 2.2 shows the parameters 

affecting on the catalyst performance. 
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Figure 2.2: Parameters affecting on the catalyst performance (Harkonen, 2005) 

 

 

 

 

2.1.1 Substrate 

 

 

A substrate is a substance on which some other substance is absorbed or in which it 

is absorbed.  The two most common products available in the market are ceramic and 

metallic substrates.  Both substrates have relatively low porosity that makes them 

unsuitable as a catalyst support.  To overcome this, a thin layer of a porous material 

is applied to the channel walls.  This thickness layer typically about 20-150 µm is 

referred to as washcoat (Santos & Costa, 2008).  The substrate typically provides a 

large number of parallel flow channels to allow for sufficient contacting area 

between the exhaust gas and the active catalytic materials without creating excess 

pressure losses (Kubsh, 2006).  

The application of ceramic and metal substrate technology has contributed a 

major benefit in catalytic converter technology.  A larger catalyst surface area can be 

incorporated into a given converter volume and this allows better conversion 

efficiency and durability.  The thin walls reduce thermal capacity and avoid the 

penalty of increased pressure losses.  Alternatively the same performance can be 
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incorporated into a smaller converter volume, making the catalyst easier to fit close 

to the engine, as cars get more compact (Bode, 1997). 

Currently, different cell shapes are commonly used in both metal and ceramic 

substrates: sinusoidal, triangular, square and hexagonal (Heck et al., 2001).  The 

geometrical surface area (GSA) of the catalytic converter substrate is determined by 

the cell density, cell shape and converter volume.  The rate of conversion in warmed-

up condition is limited by the rate of the mass transfer from the channel to the 

catalytic wall.  The mass transfer in a smooth channel represents a process of 

diffusion and is thus accelerated by a rise in temperature and the difference of 

pollutants concentration readially.  As the concentration of pollutant substances in 

the converter channels decreases because of already converted pollutants the 

difference in concentration between the channel core and wall as a driving force 

becomes increasingly lower (Bode, 1997). 

 

 

2.1.1.1 Metallic substrate 

 

 

Metal-foil-based substrates are made from ferritic-based stainless steel foils brazed 

together to form the parallel flow passages.  The ferritic foil alloy provides good 

oxidation resistance in the exhaust environment, good mechanical strength, and an 

oxidized surface that promotes good adhesion of the catalytic coating to the foil 

(Kubsh, 2006).  Ferritic steels became available that could be made into ultra thin 

foils, corrugated and then laid up to form a honeycomb structure.  In the beginning 

the foils could be made from material only 0.05 mm thick allowing high cell 

densities to be achieved.  Complex internal structures can be developed and today 

wall thickness is down to 0.025 mm and cell densities of 800, 1000 and 1200 cpsi are 

available (Bode, 1997). 

Metal wire has been attempts to utilize wire meshes made of cheap iron or 

stainless steel as support of active catalyst component.  However, there have low 

surface areas.  The wire surface is usually coated with a refractory material of 

inorganic powder since catalytically active metals or metal oxides can be well 

dispersed by such a modified surface of wire mesh (Yang et al., 2003). 
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Monoliths made of stainless steel or steel alloys are becoming in increasingly 

popular as catalyst-supports, mainly because they can be prepared with thinner walls 

which offer the potential for higher cell densities with lower pressure drop and with 

higher thermal conductibility, resulting in faster heat-up comparing with the ceramic 

supports.  However, the common designs of steel monoliths, such as corrugated 

sheets and plain sheets welded or wrapped together into a monolithic structure, may 

reduce inter-phase mass/heat transfer rates and suppress radial mixing (Sun et al., 

2007). 

Metallic monoliths became available in the early 1990s.  Because of their 

high open frontal areas, approaching 90 %, the metallic monoliths provide higher 

geometric surface area while offering lower resistance to flow, i.e. back pressure.  

Furthermore, metallic monoliths are being used extensively in close coupled 

applications due to their higher thermal conductivity that guarantees more uniform 

temperature distribution between the monolith channels as compared to that of 

ceramic monoliths.  The metallic substrate presents better conversions, particularly 

for HC and CO at high space velocities as compared to the ceramic substrate, mainly 

because of its larger geometric surface area and lower transverse peclet number 

(Santos & Costa, 2008).  The metallic monolith substrate is shown in Figure 2.3. 

Fe-Cr-Al metallic monoliths present some advantages over cordierite ceramic 

monoliths such as higher thermal conductivity, lower heat capacities, greater thermal 

and mechanical shock resistance (Zeng et al., 2007).  Fe-Cr-Al also easy 

manufactured as honeycomb substrate with thinner walls, a lower pressure drop and 

higher contact surface area (Wu et al., 2005).  The corrugated and spiral shaped tools 

have been successfully designed and developed for manufacturing the hand-made 

catalytic converter in full scale size using Fe-Cr-Al foil as the catalytic substrate 

monolith (Fahrul et al., 2009). 
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Figure 2.3: The design of metallic monolith substrate (VBulletin Solutions Inc, 2011) 

 

 

2.1.1.2 Fe-Cr-Al metallic substrate 

 

 

Fe-Cr-Al alloys are often used in high temperature applications like support material 

for catalytic converters, heating elements in furnaces, burner elements and hot gas 

filters.  When exposed to high temperatures an alumina film grows on the surface of 

the Fe-Cr-Al material.  In order to provide a good protection the alumina should 

grow slowly, be adherent, dense and inert, which is true for α-Al2O3.  Besides the 

only stable form α-Al2O3, alumina has several metastable polymorphs such as γ-, θ- 

and δ-Al2O3, which provides less protection in corrosive environments. 

 In practice the amount of Al in the alloy is limited to about 7 wt.%, by the 

fact that higher concentrations of Al make the alloy brittle and impossible to process 

by conventional rolling.  Thin foil Fe-Cr-Al materials are more sensitive to Al 

depletion during oxidation due to a minor total Al reservoir than in bulk Fe-Cr-Al 

materials.  Fe-Cr-Al materials are usually alloyed with reactive elements (RE) such 

as zirconium (Zr), yittrium (Y), cerium (Ce), lanthanium (La) or hafnium (Hf).  

Although the exact effects of reactive elements on the oxidation characteristics are 

not known, reactive elements may influence the oxide growth mechanism and 

improve the oxide scale adhesion (Engkvist et al., 2009). 
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 The corrosion resistance of Fe-Cr-Al in oxidizing atmosphere is due to the 

formation of a highly protective chromium and aluminum oxide layer on the surface, 

which effectively separates the oxidizing atmosphere from the pure alloy.  Because 

α-Al O is very stable at high temperatures it would be beneficial to maximize its 

content at the surface (Airiskallio et al., 2010). 

 

 

 

 

2.2 Washcoat 

 

 

The honeycomb ceramic support is coated with a material of high surface area called 

the washcoat, which acts as a host for the noble metal catalysts.  The most widely 

used material in the application of washcoat is Al2O3, especially for environmental 

applications (Agrafiotis & Tsetsekou, 2000).  At one time it was thought to provide 

only a surface to disperse the catalytic substance to maximize the catalytic surface 

area as illustrated in Figure 2.4.  However, it is now clear that it can play a critical 

role in maintaining the activity, selectivity and durability of the finished catalyst.   

Generally, the most common carriers are the high surface area inorganic 

oxides, most of which is Al2O3.  The pollutant containing gases enter the channels 

uniformly and diffuse to and through the washcoat pore structure to the catalytic sites 

where they are converted catalytically.  The amount of geometric surface area, upon 

which the washcoat is deposited, is determined by the number and diameter of the 

channels.  There is a limit as to how much washcoat can be deposited, since too 

much result in a decrease of the effective channel diameter, thereby increasing the 

pressure drop to an unacceptable level.  γ-Al2O3 have large surface area, good pore 

size distribution, surface acidic properties, composition of trace components and 

crystal structure (Heck et al., 2009). 
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Figure 2.4: Schematic diagram for catalytic sites dispersed on a high surface area of 

Al2O3 carrier bonded to a monolith support (Heck et al., 2009) 

 

 

 

 

2.2.1 Al2O3 washcoat 

 

 

Al2O3 is the most commonly material oxide used as carrier/washcoat in environment 

catalysis technology.  It will be used to develop a model of a heterogeneous catalyst.  

To maximize reaction rates, it is essential to ensure the accessibility of all reactants 

to the active catalytic component sites dispersed within the internal pore network of 

the washcoat.  Many different sources of alumina have various surface 

characterization including areas, pore size distributions, surface acidic properties, 

composition of trace components and crystal structures.  Its chemical and physical 

properties depend on sample preparation, purity and thermal history.  An image of γ-

Al2O3 and α-Al2O3 for scanning electron micrograph analysis at 80.000 

magnifications is shown in Figure 2.5.  γ-Al2O3 have a surface area of about 150 

m
2
/g.  It is clearly seen that the structure composed of primary Al2O3 particles 

agglomerated forming highly porous networks (Heck et al., 2009).  
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Figure 2.5: (a) Scanning electron microscope (SEM) image of gamma (γ-Al2O3),    

(b) SEM of alpha (α-Al2O3) (Heck et al., 2009) 

 

Oxidations of Al2O3 have a several of phases at different temperatures 

including (eta) η-Al2O3 (300-800 
o
C), (gamma) γ-Al2O3 (500-800 

o
C), (delta) δ-

Al2O3 (800-1000 
o
C), (theta) θ-Al2O3 (1000-1100 

o
C) and (alpha) α-Al2O3 (>1100 

o
C). 

At roughly 500 
o
C, it converts to γ-Al2O3, which typically has an internal 

surface area of 100-200 m
2
/g.  Continuous heating causes additional sintering and/or 

phase changes and loss of surface hydroxyl (OHˉ) groups up to about 1100 
o
C, where 

it converts to the lowest internal surface area structure (1-5 m
2
/g).  This is called α-

Al2O3.  SEM image in Figure 2.5b clearly shows that its morphology is much more 

densely packed than the γ-Al2O3 shown in Figure 2.5a.  This transformation is due to 

time-temperature relationships and also depends on the exposure environment. 

Transition phases of aluminum oxide such as the γ-phase and the amorphous 

phase are mainly produced at temperatures below 950 
o
C as well as different 

morphologies and grain sizes can be obtained (Nable et al., 2003).  Thermal 

oxidation have revealed that the scale might contain α-Al2O3 with a small amount of 

a θ-Al2O3 phase, which afterwards transforms into an α-Al2O3 or γ-Al2O3 phase 

depending on the temperature and the density of the oxidizing atmosphere over the 

steel surface (Reszka et al., 2006). 
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2.3 Particle size distribution of the carrier / washcoat 

 

 

The particles in a colloidal suspension or emulsion are seldom with the same size but 

varying in shapes.  The size and shape is therefore a significant problem.  Emulsion 

droplets can usually be assumed to be spherical (long as the distance between the 

droplets is large enough).  For solid particles general descriptions of shape like 

spheroidal, rod- or disk-shaped, even when the system contains individual particles 

with other shapes.  The particle size may also vary over quite a wide range.  It is not 

unusual for the particles of a suspension produced in a grinding operation, for 

example, to vary by a factor of 100 from the smallest to the largest size.  To describe 

such situations, it normally breaks the range up into a number of classes and try to 

find out how many particles are in each size range.  This range is called the particle 

size distribution (PSD), and it can be represented in the form of a histogram (Figure 

2.6) (Heck et al., 2009). 

The size of the agglomerated particles that make up the carrier must be 

compatible with the surface roughness and macro-pore structure of the carrier 

powders to produce the uniform particle size which will be coated on substrate.  

Sieves of various mesh sizes have been standardized, and thus, one can determine 

particle size ranges by noting the percentage of material, usually based on weight, 

that passes through one mesh size but is retained on the next finer screen based on 

standard ASTM D4513-85, (1998).  The stack of sieves is vibrated, allowing the 

finer particles to pass through coarser screens until retained by those screens finer in 

opening than the particle size of the material of interest.  Each fraction is then 

weighed and a distribution is determined. 

This method is reliable only for particles larger than about 40 micron. Below 

this size, sieving is slow and charging effects influence measured values. 

Sophisticated instrumentation is available for measuring the distribution of finer 

Al2O3 particles.  Recently, particle size analyzer (PSA) has been found effective.  An 

example of particles size analyzer and distribution for an Al2O3 carrier using CILAS 

is illustrated in Figure 2.6.  The values on the left of Y-axis indicate the cumulative 

% of particles, the size of which is displayed on the highest peak of X-axis.  The 

right axis shows the % distribution for a given particle size (Heck et al., 2009).  

There are two types of graph which each of them represents particle size distribution 

and cumulative particle size.  The median size (which in this case corresponds to the 
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maximum frequency) and the spread of the particles distribution is represented by the 

maximum peak. 

  

 

 

Figure 2.6: Particle size measurement using CILAS particle size analyzer (PSA) 

(Heck et al., 2009) 

 

 

 

 

2.4 Washcoat development on Fe-Cr-Al metallic substrate 

 

 

In addition to the microstructural requirements for a washcoat material, excellent 

adhesion on the substrate is a further crucial requirement and optimization of the 

parameters that affect the adhesion of the washcoat layer on the support is 

imperative.  Reduction of the washcoat powder size (less than 2 microns) down to 

colloidal dimensions seems to be necessary for the achievement of satisfactory 

adhesion and endurance of the washcoat under the severe operating conditions 

(Agrafiotis & Tsetsekou, 2000). 

 For the washcoat, the higher surface area is very desirable (Jiang et al., 2005).  

Besides the surface area, other desirable washcoat properties are thermal stability and 

appropriate pore size distribution.  A material combining these properties and most 

widely used in washcoat application is γ-Al2O3.  The washcoat phase usually 
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contains smaller quantities of other phases, which have a particular function.  For 

example, cerium (Ce) and lanthanium (La) are frequently added to γ-Al2O3 in order 

to induce oxygen storage capacity and thermal stability respectively (Agrafiotis & 

Tsetsekou, 2000). 

 The main problem for the washcoat is to maintain a high geometric surface 

area, appropriate pore size distribution and firm cohesion to the support at high 

temperatures (Wu et al., 2001).  The coating adhesion between the metallic support 

and the ceramic washcoat becomes a problem.  The deposition of the γ-Al2O3 

washcoat on the metallic monolith has not been as well developed yet as that on the 

ceramic monolith.  The non-porous nature of the metal foil, coupled with the 

mismatch in the thermal expansion between the foil and the ceramic washcoat, 

contributes to a washcoat adhesion problem during thermal cycling (Wu et al., 2005). 

 The utilization of Al2O3 as catalyst combined with Fe-Cr-Al as a support 

needs a comprehensive study due to its chemical and physical changing at catalytic 

converter.  For example, the coating adhesion between the metallic support and the 

ceramic washcoat becomes a problem due to it has different thermal expansion 

coefficients.  In previous investigation, washcoat development was deposited by sol-

pyrolysis method (Zheng et al., 2007), precipitation and dip-coating method 

(Valentini et al. (2001), impregnation method (Betta, 1997), plasma spraying 

technique (Wu et al., 2001), situ hydrothermal method (Wei et al., 2005) and 

electrophoretic deposition (Sun et al., 2007).  These methods must be conducted 

through a complicated sequence to obtain the washcoat requirements.  Therefore, this 

research will discussed the ultrasonic treatment with nickel electroplating combine 

with oxidation for developing γ-Al2O3 washcoat on Fe-Cr-Al substrate.  This method 

is simple and cheaper than previous research. 
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2.5 Catalyst materials for catalytic converter 

 

 

The use of catalyst material is to stimulate or enhance a chemical reaction that 

naturalize or reduce the toxic by-products of combustion.  As exhaust and catalyst 

temperatures rise, the following reaction occurs, oxides of nitrogen (NOx) are 

converted into simple nitrogen (N2) and carbon dioxide (CO2). Hydrocarbons (HC) 

and carbon monoxides (CO) are oxidized to create water (H2O) and carbon dioxide 

(CO2).  In automobiles, this typically results in 90% conversion of carbon monoxide, 

hydrocarbons, and nitrogen oxides into less concentration gas which leads to 

environmental friendly.  Catalysts are either platinum-group metals or base metals 

such as chromium, nickel, and copper which are heated by exhaust gas in range of 

500 - 700 ºC.  At this temperature unburned hydrocarbons and carbon monoxide are 

further oxidized, while oxides of nitrogen are chemically reduced in a second 

chamber with a different catalyst.  Platinum-group metals or noble metals are any of 

several metallic chemical elements that have outstanding resistance to oxidation, 

even at high temperatures.  The noble metals that used as a catalyst material is 

usually include rhenium, ruthenium, rhodium, palladium, silver, osmium, iridium, 

platinum, and gold.  However, these materials are limited supply sources and 

expensive (George, 2006). 

 

 

 

 

2.5.1 Nickel as catalyst material 

 

 

The catalytic properties, metal dispersion and the structural features of species 

depend on the method to process these materials and on the support used.  The usage 

of catalyst will depend on the type of dopant used in order to form a durable, sulfur 

tolerant, high catalytic activity catalyst.  In many cases, the selected dopants studied 

were magnesium (Mg), zirconium (Zr), molybdenum (Mo), manganese (Mn), ferum 

(Fe), cobalt (Co) and copper (Cu) (Valentini et al., 2003). 

The Ni-based catalysts have high activity, stability and selectivity.  Therefore, 

the development of such catalysts is an attractive challenge (Valentini et al., 2004).  

The investigation of a Ni-based steam reforming catalyst was developed for the 

coating of microstructures (Stefanescu et al., 2007).   

http://en.wikipedia.org/wiki/Catalyst
http://en.wikipedia.org/wiki/Chemical_reaction
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Nickel oxide (NiO) exhibited high activity and selectivity of methane due to 

the ability of NiO to undergo reduction process owing to the presence of defect sites 

of the surface.  Despite of the fast catalyst deactivation and carbon deposition, NiO 

catalyst was favorable due to its high thermal stability and low price.  Therefore, 

nickel oxide can be considered as the best catalyst material for catalytic converter 

(Buang et al., 2008). 

The catalysts for catalytic converter are mostly related to the precious group 

of metals platinum (Pt), palladium (Pd) and rhodium (Rh) (Kirby, 2009).  However 

these materials are expensive, therefore some materials are used as a substitute such 

as nickel.  Nickel oxide (NiO) catalyst could be a potential candidate in catalyst 

material and cheaper than precious group of metals platinum (Pt), palladium (Pd) and 

rhodium (Rh).  Nickel oxide application is also effectively for the NOx absorber 

catalyst in order to reduce the emissions of hydrogen sulfide (H2S) during desulfation 

(Elwart, 2006).  The utilization of nickel as catalyst combined with Fe-Cr-Al as a 

support needs a comprehensive study due to catalytic converter which works in high 

temperature condition (Dou, 2005).  NiO produced from a heated pure nickel at 900 

o
C that the oxide grain size is sufficiently large for lattice diffusion to predominate 

over grain boundary transport (Young, 2008). 

 

 

 

 

2.6 Ultrasonic surface treatment 

 

 

Surface deformation is a widespread and effective method for hardening metallic 

materials.  With this method, the surface of a material properties can be improved is 

a subject of high compressive stresses, which results in a better product strength, 

durability, and reliability.  Many surface deformation techniques have been 

employed including rolling, ball treatment, and shot blasting (peening).  Ultrasonic 

surface hardening provides an efficient alternative because it can reduce the time.  

Applied ultrasonic vibrations relieve residual stresses and improve surface finish and 

hardness, thereby providing a better wear resistance of products (Mason & Lorimer, 

2002).  
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 Recently an ultrasonic surface treatment, similar to shot peening, has been 

developed.  In this process a powerful ultrasonic field is generated to transfer high 

kinetic energy to steel balls that hit the surface of the workpiece being treated.  The 

energy transferred to the workpiece during a one-ball impingement event is small.  

The required surface strain is achieved through repeated action on the surface of the 

workpiece.  The process creates homogeneous residual stress simultaneously on each 

side of the parts to be treated.  The process will act on improvement of the surface of 

the material. 

 

 

 

 

2.6.1 Reactions involving metal or solid surfaces 

 

 

There are two types of chemical reaction occurred on the material surface, first in 

which the metal is a reagent and is consumed in the process and second in which the 

metal functions as a catalyst.  While it is certainly true that any cleaning of metallic 

surfaces will enhance their chemical reactivity, in many cases it would seem that this 

effect alone is not sufficient to explain the extent of the sonochemically enhanced 

reactivity.  In such cases it is thought that sonication method serves to sweep reactive 

products, clear of the metal surface and thus present renewed clean surfaces for 

reaction.  Other methods include the possibility of enhanced single electron transfer 

(SET) reactions at the surface (Mason & Lorimer, 2002). 

 

 

 

 

2.6.2 Reactions involving powders or other particulate matter 

 

 

Just as with the metal surface reactions described above, the efficiency of 

heterogeneous reactions involving solids dispersed in liquids will depend upon the 

available reactive surface area and mass transfer.  Conventional technology involves 

agitating and stirring with rotating devices and baffled pipes as the processors of 

fluids when mixing, reacting or dissolving small and submicron sized particles on an 

industrial scale.  This can take many hours, days or even weeks until the desired 

properties are obtained.  The main problem with conventional rotational mixing 
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techniques, when trying to disperse solid particles of 10 microns in diameter or 

smaller in a liquid is that the rate of mixing and mass transfer of these particles 

through the medium reaches a maximum. In fact the mass transfer coefficient K 

reaches a constant value of about 0.015 cm s
-1

 in water, and speed of rotational 

agitation, no matter how large this increase may be.  Sonication provides a solution 

to this problem in that power ultrasound will give greatly enhanced mixing (Mason 

& Lorimer, 2002). 

 

 

 

 

2.7 Acoustic cavitation 
 

 

Power ultrasound enhances chemical and physical changes in a liquid medium 

through the generation and subsequent destruction of cavitation bubbles.  Like any 

sound wave ultrasound is propagated via a series of compression and rarefaction 

waves induced in the molecules of the medium through which it passes (Suslick, 

2000).  At sufficiently high power the rarefaction cycle may exceed the attractive 

forces of the molecules of the liquid and cavitation bubbles will form.  Such bubbles 

grow by a process known as rectified diffusion i.e. small amounts of vapour (or gas) 

from the medium enters the bubble during its expansion phase and is not fully 

expelled during compression.  The bubbles grow over the period of a few cycles to 

an equilibrium size for the particular frequency applied.  It is the fate of these 

bubbles when they collapse in succeeding compression cycles which generates the 

energy for chemical and mechanical effects (Figure 2.7).  Cavitation bubble collapse 

is a remarkable phenomenon induced throughout the liquid by the power of sound.  

In aqueous systems at an ultrasonic frequency of 20 kHz each cavitation bubble 

collapse acts as a localised "hotspot" generating temperatures of about 4,000 K and 

pressures in excess of 1000 atmospheres.  
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Figure 2.7: Generation of an acoustic bubble (Suslick, 2000) 

 

 

The cavitation bubble has a variety of effects within the liquid medium 

depending upon the type of system in which it is generated.  These systems can be 

broadly divided into homogeneous liquid, heterogeneous solid/liquid and 

heterogeneous liquid/liquid.  Within chemical systems these three groupings 

represent most processing situations (Suslick, 2000). 

 

 

 

 

2.7.1 Cavitation near a surface 
 

 

Unlike cavitation bubble collapse in the bulk liquid, collapse of a cavitation bubble 

on or near to a surface is unsymmetrical because the surface provides resistance to 

liquid flow from that side.  The result is an inrush of liquid predominantly from the 

side of the bubble remote from the surface resulting in a powerful liquid jet being 

formed, targeted at the surface (Figure 2.8).  The effect is equivalent to high pressure 

jetting and is the reason that ultrasound is used for cleaning.  This effect can also 

activate solid catalysts and increase mass and heat transfer to the surface by 

disruption of the interfacial boundary layers.  

compression compression compression compression 

rarefaction rarefaction rarefaction rarefaction rarefaction 

bubble 

forms 
bubble grows in 

successive cycles 

reaches 

unstable size 

undergoes 

violent collapse 



 
23 

 

 

Figure 2.8: Cavitation bubble collapse at or near a solid surface (Suslick, 2000) 
 

 

 

 

2.7.2 Heterogeneous powder-liquid reactions 
 

 

Acoustic cavitation can produce dramatic effects on powders suspended in a liquid 

(Figure 2.9).  Surface imperfections or trapped gas can act as the nuclei for cavitation 

bubble formation on the surface of a particle and subsequent surface collapse can 

then lead to shock waves which break the particle apart.  Cavitation bubble collapse 

in the liquid phase near to a particle can force it into rapid motion.  Under these 

circumstances the general dispersive effect is accompanied by interparticle collisions 

which can lead to erosion, surface cleaning and wetting of the particles and particle 

size reduction (Suslick, 2000).  
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Figure 2.9: Acoustic cavitation in a liquid with a suspended powder (Suslick, 2000) 

 

 

In heterogeneous liquid/liquid reactions, cavitational collapse at the interface 

will cause disruption and mixing, resulting in the formation of very fine emulsions 

(Figure 2.10). 

 

 

 

Figure 2.10: Cavitation effects in a heterogeneous liquid system (Suslick, 2000) 
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