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Abstract ii

ABSTRACT

The deposition of carbon from a carbon-rich environment onto structural
materials is prevalent in petrochemical and chemical industries such as in
the production of syngas, iron reduction plants, petroleum refineries,
carbon dioxide cooled nuclear plants, fuel cells using molten salts and
- hydrocarbons, and the recycle—gas loop equipment of coal-gasification
units. The consequence of carbon deposition is a metal related
degradation phenomenon known as "Metal dusting”. Metal dusting results
in rapid material wastage and/or thinning of material, producing
hemispherical pits and grooves as the affected material disintegrates into
a mixture of carbon and metal particles.

The aim of this study was to elucidate material factors that cause or
contribute to metal dusting. This was achieved by refurbishing the in-built
metal dusting rig to carry out experimental tests on a laboratory scale.
The objectives of this research were to simulate a metal dusting
environment, characterize the resistance of various alloys to metal
dusting, and to evaluate the effects of surface treatment and temperature
on metal dusting. Metal dusting was induced on a wide variety of nickel-
based and iron-based alloys which were capable of forming chromium
oxide scales in a flowing CO-H,-H,O0 atmosphere at 650°C and 500°C.
Some of the alloys were heat treated at 850°C for an hour prior to
exposure and others were ground to 600 grit SIC. Some degree of metal
dusting attack was observed for all alloys tested except for an alloy with
high chromium and nickel content. The results indicated that metal
dusting is much more aggressive at lower temperatures than at high
temperatures. It was also observed that the surface working of the alloys
had a very significant effect to metal dusting resistance as well as the
amount of scale forming elements additions and the presence of certain
carbides forming elements. The preheat treatment seemed not to have a
significant effect on the resistance to metal dusting.
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PetroSA
LPG
CcO

GLOSSARY

Petroleum Oil and Gas Corporation of South Africa
Liquid Petroleum Gas
Carbon monoxide
Hydrogen

Methane

Chromium oxide

Silicon oxide

Aluminium oxide

Carbon dioxide

Degrees Celsius

Methane

Iron carbide or Cementite
Diffusion flux

meter

seconds

Kelvin

Diffusion coefficient

Concentration gradient

Temperature independent pre-exponential
Activation energy for diffusion

Universal gas constant

Temperature

Carbon activity

Kilograms

Partial pressure of carbon monoxide
Partial pressure of carbon dioxide

Partial pressure of methane
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Pyo Partial pressure of water

P, Partial pressure of oxygen

K, Equilibrium constant of the reaction
- CPT Carbon precipitation temperature

[ P Hydrogen sulphide

S Sulphur

S(ad) Adsorbed sulphur

GRD Ground samples

ARD As-received samples

HT Heat-treated samples

AG°® Standard Gibbs free energy change

SEM Scanning electron microscopy

EDS Energy dispersive spectroscopy

VHN Vickers’'s micro-hardness number
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General Introduction 1

CHAPTER ONE

GENERAL INTRODUCTION

1.1 METAL DUSTING BACKGROUND

Carbon is regarded as a very important alloying element in steels and
alloys because of its significant influence on the mechanical properties [1].
For example, increasing the carbon level of steels increases the hardness
and strength. It can aiso have an influence on the corrosion behaviour of
steels and alloys. In chromium-alloyed steels, carbon reduces the
resistance of corrosion by forming carbides and locally depleting the metal
matrix of chromium [2-4].

The process of increasing the carbon level in steels is known as
carburization. The deposition of carbon from a carbon-rich environment
onto structural materials is prevalent at petrochemical and chemical
industries such as in the production of syngas, iron reduction plants,
petroleum refineries, carbon dioxide cooled nuclear plants, fuel cell using
molten salts and hydrocarbons, and the recycle-gas loop equipment of
coal-gasification units [5-7]. The consequence of carbon deposition is a
carbon related degradation phenomenon known as a "metal dusting”.

Lately, intensive research on metal dusting was done by Grabke et a/ and
Pippel et al [8,9]. Metal dusting is described as a catastrophic form of
carburization which occurs under conditions where the carbon activity (a.)
of the gaseous atmosphere is greater than one [6]. This results in rapid
material wastage and/or thinning of material, producing hemispherical pits
and grooves as the affected material disintegrate into a mixture of carbon
and metal particles. Metal dusting occurs in intermediate temperatures of
450°C - 800°C [8]. This corrosion phenomenon has become a serious
problem in recent years.
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General Introduction 2

The main cause of metal dusting is the growth of graphite in the metal,
leading to the disintegration of the metal. However, the mechanism and
type of attack are different depending on the metal composition and
temperature of the environment.

1.2 INDUSTRIAL EXPERIENCE ON METAL DUSTING

The combination of natural gas or methane with steam at high
temperature produces a mixture of gases commonly known as “syngas”
which contains H,;, CO, CO,, H;0, and CH4 [10]. Metal dusting is
prevalent in such gas mixtures at a temperature range of about 450°C to
800°C. Iron and nickel-based alloys are susceptible to metal dusting
[11]. The alloys that are commonly used in petrochemical and chemical
industries are Ni-Cr-Fe based alloys such as Inconel ® alloy 600 (Alloy
600), Incoloy ® alloy 800 (Alloy 800), and Inconel ® alloy 601 (Alloy 601).

An adherent, protective, self-repairing oxide scale is said to protect the
alloy surface against metal dusting [6,10-12]. For greater efficiency of
the plant, the amount of steam is often decreased, leading to lower
steam-to-hydrogen ratios (H.0/H;). The amount of CO content in syngas
is increased as a result of high pressures required for greater efficiency of
the plant. The combination of the lower H.O/H, ratios and CO/CO, ratios
results in lower O, partial pressures and high carbon activities [10].
Consequently, the metal dusting propensity and severity is increased.

A heat exchanger made up of Alloy 800 (20% Cr-32% Ni) failed after 23
000 hours by local wastage [6]. The wall of Alloy 800 was wasted from
10 mm to 3 mm and a weldment in the wall of Alloy 800 which was made
up of Alloy 600 (15% Cr-72% Ni) was less attacked than Alloy 800.
Failure of structural components in industries has been reported in detail
by Grabke et af in gas heaters of direct reduction plants, platform units in
refinery, direct reduction furnaces, and heat exchangers of an ammonia
plant [6]. Metallic interconnects in solid oxide fuel cells (SOFC) are
susceptible to metal dusting since they act as gas separators and
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General Introduction 3

distributors.  The enviranment in which metallic interconnaects operate
contains natural gas or methane at temperature ranges of 550°C to 800°C
[12].

Metal dusting is prevalent in transfer lines and ferrules since syngas is
produced above the critical metal dusting temperature (==800"C} and
transferred to a boiler via a transfer line where it is rapidly quenched to a
temperature below the critical metal dusting temperature range {(<300°C)
[10,13]. Under such conditions carbon deposition is theoretically possible
and metal dusting can occur. Alloy ferrules that are used in the transfer
line do often experience metal dusting and are periodically replaced.
Figure 1.1 shows a metal dusted ferrule from the PetraSA plant in Mossel

Bay. The arrows show the severity of corrosion on the farrule.

Figure 1.1: The double arrows shows deformation of a ferrule (Alloy 600)
and the type of damage such as pits. It was used to protect the tube
sheet from the gas temperature. The sample was received from the
PetroSA plant in Mossel Bay.
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A tube built of Allgy 800 from the secondary reformer was alsc attacked
by metal dusting, see Figure 1.2, The arrows shows a cross-section of the
material where it was not attacked and a region where it was attacked.
The pit depth and width ranged from about 0.5 to 5 mm.

Figure 1.2: Photographs of Alloy 800 showing local pits on its surface.

Uniform wastage was observed at certain areas on the alloy surface.

Alloy 600 liners inside the neck of the reformer had been affected by
metal dusting and a big chunk of it came out and was lodged in a
burner/mixer arrangement. Alloy 600 was metal dusted whereas Alloy
200 was not affected by metal dusting. These two alloys were exposed to
the same environment [14]. & similar phenomencgn of Allgy 800
outperforming Alloy 600 was observed in quite @ number of cases at the
PetroSA plant. The theory predicts that Alloy 600 should resist metal
dusting much better than Alloy 300. Failure of Alloy B0O has been
repoited by numerous researchers before. A rather random attack of
metal dusting experienced across all types of plants makes it difficulty to

propose a resistant material.
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Grabke et al emphasized that in principle no metallic material which can
dissolve carbon, is resistant to disintegration by metal dusting and long
term suppression of metal dusting is only possible by a stable oxide scale
and retardation is possible by low carbon solubility and diffusivity and high
content of carbide forming elements [11].

1.3 PROJECT MOTIVATION

In South Africa, PetroSA converts natural gas from sub-sea wells located
85 km south of Mossel Bay to synthetic fuels [14]. Natural gas and
associated condensate are pumped from the sub-sea wells, and
transferred to the processing plant for conversion to petrol, diesel,
kerosene, alcohol and liquid petroleum gas (LPG). The methane rich
natural gas is reformed to syngas by reaction with steam and oxygen at
high temperature in the secondary reformer. The secondary reformer is
regarded as the heart of the plant. A super heater in a secondary
reformer was affected by metal dusting. Consequently, metal dusting has
been causing unscheduled process unit shut downs at the PetroSA plant.
The plant was shut down for three months to replace the affected super
heater. It cost PetroSA 51.6 million rands to replace the super heater
excluding loss of profit during that three months of repairing.

Transfer lines and ferrules often experiences metal dusting and are
periodically replaced. However, that does not solve the problem as metal
dusting often causes unscheduled process shut downs and increases
maintenance expenditure. Prevention of this requires investigations of
materials that will resist metal dusting. Past research has shown that
such materials include alloys containing good combinations of Cr, Si, Al, Ni
and carbide forming elements [6,15-17]. The microstructure and surface
finish of such alloys also have an effect on the resistance to metal dusting.

Available information on the resistance to metal dusting may be
misleading because, for exampie, Alloy 800 was reported to be less
resistant to metal dusting than Alloy 600. Failure of Alloy 800 and Alloy
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600 due to metal dusting has been reported [6,12,16-18]. At PetroSA,
Alloy 800 was not attacked by metal dusting whereas Alloy 600 was
attacked although they were exposed to the same environment [14]. This
contrasting information has led to a decision to conduct an alloy exposure
programme on a laboratory scale to compare the performance of different
alloys. The results will be compared with those described in published
literature on metal dusting and recommendations will be made to reduce
or eliminate the problem of metal dusting at the PetroSA plant.

1.4 AIMS OF THE PROJECT

The aim of this project is to elucidate material factors that cause or
contribute to metal dusting. The findings will help plant designers to
choose the right alloys for metal dusting resistance and would add more
knowledge on the behaviour of nickel-iron-chromium alloys in a
atmosphere containing CO-H,-H,0 gas mixture. This entails carrying out
experimental tests on a laboratory scale by building a simulation rig. The
major objectives of this research project are:
e To simulate the metal dusting environment.
e To evaluate the reliablility of mass loss/gain as a measure of the
resistance to metal dusting.
e To characterize the resistance of various alloys to metal dusting.
o To evaluate the effects of surface treatment and temperature on
metal dusting.

1.5 UMITATION OF THIS THESIS

The limitation of this thesis is that it is mainly experimentally based. In
this regard no modelling software has been used.
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1.6 OUTLINE OF THIS THESIS

The thesis begins with a literature review, Chapter Two. The literature
review discusses the cause of metal dusting corrosion and methods of
suppressing it. Chapter Three describes all the test fixtures that were
designed by the author to carry out the experiments of this project and
describes all the experimental techniques employed in this thesis. All the
results are shown in Chapter Four and discussed in Chapter Five. The
conclusions that were drawn from Chapter Four and Five are stated in
Chapter Six. Recommendations for future work are listed in Chapter

Seven.
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CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

Corrosion is a naturally occurring degradation mechanism that is defined
as the destructive and unintentional attack of a metal [19]. It can cause
extensive and costly damage to structural metals. Corrosion is prevalent
and takes many forms. Its occurrence cannot be eradicated completely.
Corrosive environments include the atmosphere, aqueous solutions, soil,
acids, bases, inorganic solvents, molten salts and the human body [19].
The variables in the corrosion environment, which includes fluid velocity,
composition and temperature, can have a certain influence on the
corrosion properties of the metal that are in contact with it. Corrosion
occurs on the unprotected surface. Different environments can cause
different types of corrosion attack that may vary in nature and
appearance. The several forms of corrosion that can occur on metals
depending on the environment are:

e Uniform or General corrosion
o Galvanic corrosion

o Crevice corrosion

o Pitting corrosion

o Intergranular corrosion

e Selective leaching corrosion
e Stress corrosion cracking

o Corrosion fatigue

¢ Erosion corrosion
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All these corrosion forms have been studied for years and the literature on
them are widely available [19,20].

2.1.1 Uniform or General Corrosion

Uniform corrosion is a uniform attack of the entire metal surface
characterized by the rusting of steel [19,20]. Other forms of general
corrosion are tarnishing of silver or green patina associated with the
corrosion of copper. This type of attack is mostly found where a metal is
in contact with an acid or a humid atmosphere. It is the least harmful
because the rates of corrosion can be measured and predicted. Some
common methods used to prevent or reduce uniform corrosion are
coatings, cathodic protection and inhibitors.

2.1.2 Galvanic Corrosion

Galvanic corrosion occurs when two different metals are in electrical
contact and immersed in the same corrosive solution or environment
[19,20]. When dissimilar metals are placed in an electrolyte, they assume
different corrosion potentials. Hence, the potential difference is the
driving force for galvanic current flow [19]. The less noble metal in the
galvanic couple will become the anode and experience corrosion, while the
more noble metal (cathode) will be protected from corrosion. Common
methods used to reduce or prevent this type of corrosion are to choose
the metals that are close together in the galvanic series, use an anode
area as large as possible, insulate dissimilar metals from each other, and
cathodic protection [19,20].

2.1.3 Crevice Corrosion

Crevice corrosion is a form of localized corrosion which occurs in a crevice
formed between two surfaces, one at least of which is a metal [19,20]. It
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is caused by depletion of oxygen in the crevice. Consequently oxidation of
the metal occurs and electrons from this electrochemical reaction are
conducted through the metal to the adjacent external region, where they
are consumed by the reduction reaction. Crevice corrosion can be
prevented by using welded instead of riveted or bolted joints, frequently
removing the accumulated deposits, designing containment to avoid
stagnant areas and ensure complete drainage of fluids [19,20].

2.1.4 Pitting Corrosion

Pitting corrosion is a localized form of corrosion which results in small
holes or perforations through the material, but with little measurable
general metal loss [19,20]. Pitting has the same mechanism as crevice
corrosion in stainless steels [20]. Some of the methods used to reduce or
prevent pitting corrosion are to use alloys with high content of chromium,
molybdenum and dissolved nitrogen. The use of cathodic protection is
also effective against pitting.

2.1.5 Intergranular Corrosion

Intergranular corrosion is due to the formation of chromium carbides at
high temperatures in the range of 425 to 815°C [19,20]. These form
preferentially at the grain boundaries thus reducing the chromium content
and resulting in low corrosion resistance around the grains. Materials can
be protected by subjecting the sensitized material to high temperature
heat treatment to dissolve chromium carbides, to lower the carbon
content to 0.03 wt% so that carbide formation is minimal and to alloy with
other elements such as niobium or titanium, which has a grater tendency
to form carbides than chromium [20]. Hence chromium will remain in
solid solution.
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2.1.6 Selective Leaching Corrosion

Selective leaching corrosion is found in solid solution alloys and occurs
when one active element is preferentially removed as a consequence of
the corrosion process [19,20]. De-alloying of brass, known as
dezincification, is a common example of selective leaching corrosion. It
can be reduced by small additions of phosphorous, arsenic, or antimony
[20].

2.1.7 Stress Corrosion Cracking and Corrosion Fatigue

Stress corrosion cracking results from the combined action of applied
tensile stress and a corrosive environment. Corrosion fatigue occurs
under cyclic stresses in a corrosive environment [19,20]. To reduce or
eliminate these types of corrosion, is to lower the magnitude of stress, to
use an appropriate heat treatment to remove residual thermal stresses,
cathodic protection and control of the environment by lowering the
concentration of the oxidizing agents.

2.1.8 Erosion-Corrosion

Erosion-corrosion is the corrosion of a metal which is caused by a
combination of corrosive fluid and a high flow velocity [19,20]. 1t is
characterized by surface features with a directional pattern which are a
direct result of the flowing fluid. Abrasive particles in suspension or high
velocities erode away the film, leaving the exposed metal surfaces which
then suffer high rates of corrosion. Some of the best ways to reduce or
eliminate erosion-corrosion is to change the design, to eliminate fluid
turbulence and impingement effects, to use abrasion resistant coatings
and to add inhibitors [20].
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There are also other types of corrosion that are widely prevalent in
furnaces, petrochemical and chemical industries as a result of hot gases in
the form of high temperature corrosion [1,21]. High temperature
corrosion of alloys is a fairly complex process that typically involves scale
formation and subsurface degradation [22]. It can be classified into
different forms such as [1,21]:

o Oxidation

e Sulphidation
e Nitriding

¢ Carburization

Oxidation is a process whereby oxygen at high temperatures reacts with a
metal to form the surface oxide that may protect the underlying metal. At
high temperatures some materials are rapidly oxidized and the oxide film
may also thicken into a non-protective scale with various defects including
cavities, micro-cracks, and porosity [20]. It causes loss of material
thickness and also reduces the amount of certain alloying elements in the
material that react with oxygen [23]. The oxidation resistance of the high
temperature alloys, such as stainless steels is based on a protective
chromium oxide layer [20].

Sulphidation involves the formation of sulphides in the metal, through
reaction with sulphur, and results in intergranular pitting of the
components [23]. The corrosion rate is increased with increasing
temperature. Chromium is an important alloying element in resisting
sulphidation and addition of nickel generally increase the susceptibility to
sulphidation attack, high nickel alloys being particularly susceptible to
sulphidation attack.

Nitriding occurs when metals are exposed to nitrogen bearing
atmospheres where nitrogen diffuses into the metal, thus precipitating
nitrides in the metal matrix and at grain boundaries [23]. Precipitation of
nitrides leads to embrittlement of the metal. Iron-based alloys are more
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susceptible to nitriding than nickel-based and cobait-based since the
alloy’s resistance is enhanced by increasing the nickel content.

The present study is centred on carburization. Carburization is a
mechanical property degradation caused by carbon ingress into the alloy
and subsequent formation of internal carbides [24-27]. It occurs in
carbon bearing atmospheres at temperatures above 400°C and a carbon
activity less than one (ac<1). Metal dusting is a catastrophic form of
carburization which occurs in a strongly carburizing atmosphere with ac>1
at intermediate temperatures of 400 - 900°C. It causes severe pitting or
uniform thinning of the affected material. When it occurs, it causes
unscheduled process shutdowns which results in a loss of profit. It also
increases the maintenance expenditure. Preventing metal dusting in
industrial processes is essential to achieve high economic efficiency.
Research on metal dusting has been going on for some years but the
reaction mechanisms of it are not always clear [28,29]. The literature on
metal dusting is not as widely available as other types of corrosion. Alloys
that can resist metal dusting are able to form a protective oxide film which
blocks the ingress of carbon. The present study evaluates the resistance
of commercial alloys to metal dusting.

2.1.9 Commercial Alloys Currently Used in Petrochemical and Chemical
Industries

This section gives a brief description of the high temperature resistant
alloys that are commonly used in the chemical and petrochemical
industries. The nominal compositions of all the alloys discussed below are
shown in Table 2.1.

HAYNES® 214™ alloy (alloy 214) is a nickel-chromium-aluminium-iron
alloy and is produced in the solution heat-treated condition [30]. It is
used for high temperature applications, for instance, at 955°C and above.
It is said to exhibit outstanding resistance to oxidation due to the

g UNIVERSITY OF CAPE TOWN



Literature Review 14

formation of an Al,O3; scale which forms in preference to a Cr.0; scale at
high temperatures. Alloy 214 is also said to exhibit excellent resistance to
carburization, nitridring, and corrosion in chlorine-bearing oxidizing
environments. It is used in the heating industry as a refractory anchor,
furnace flame hoods, and rotary caiciners for processing chloride
compounds.

HAYNES® HR-120™ alloy (HR 120) is a solid-solution-strengthened heat
resistant alloy that exhibits excellent strength at high temperatures [30].
It is said to exhibit very good resistance to carburizing and sulphurdizing
environments. It also exhibits good resistance to oxidizing environments
up to 1205°C. HR 120 is manufactured in the solution annealed condition.
It is used in corrugated boxes for carburizing furnaces, used to carburize
large gears for ships at commercial heat treatment operations.

HAYNES® HR-160™ alloy (HR 160) is a nickel-cobalt-chromium-silicon
alloy and solid-solution-strengthened alloy [30]. It is said to be a high
temperature corrosion resistant alloy that provides excelient resistance to
sulphidation and chioride attack in both a reducing and oxidizing
environments. It has exceptional good resistance to oxidation,
carburization, metal dusting and nitriding. It is used in petroleum refinery
processes and nuclear waste incinerators.

INCONEL® alloy 230 (Alloy 230) is a carbide strengthened nickel-
chromium-tungsten-molybdenum alloy with an exceptional combination of
strength, stability, and resistance to corrosion at very high temperatures
[31]. It has good resistance to oxidation at temperatures greater than
980°C and also offers good resistance to carburization and nitriding. It
can be used in the petrochemical processing, heat treating and metal
refining industries.
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Table 2.1: Nominal compositions of wvarious alloys used in the

petrochemical industries [30-33].

Alloy 21 ?5! 3 165 0.2! 4.5 . 'D.EI ol Y,B

4 ZrE
HR 120 | 37| 33F | 25| 06 0.t |25 0.7 [2.5%3%] - | co,m,
B,C
HR 160 |378| 2% {28 2.75 - 15 | 0.5 | 1% [29]j0.5] Cb,
5
253MA |10-| B [20-[1.10-| - - log ] - |- | s.Ca
19 #&| 2D N,P,C
Alloy | B | 3% |20-|0.25-|0.20-f1.0-[0.3-[13-|55] -} P,S,
230 24 1 075 | 50 | 3.01 1.0 15 La,B
GR 309 |12- B 22- 35 = L 2% i N =
15 24
Alloy |72 |6-10|14-] 0.5 - =T = |=1=] &%
€00 17 S
Alloy |58-1 B {21-] 0.5% [1.0-1.7 - ol I P Cu
601 | 63 25
Alloy | B 1 25-}27-| 05% |25-400 - | 18 | - |- [1*]| Cu,s,
693 6.0 | 31 Nb
Alloy |58°]|7-11[27-| 0.5% - - Fo54 = |-+ sy
690 31
Alloy |30-]39.5°[19-| - 0.25- | - - = T=]=] ™% |
S8O0HT | 35 23 0.60 Al=0.8-|
13|

{B) As Balance, {£) maximum and (5) minimum

INCONEL® alloy 600 (Alloy 600) is a nicket-chromium-iron solid-solution
alloy [{31]. It has good resistance to oxidation, carburization, and
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sulphidation at moderate temperatures, but is subject to sulphidation in
high temperature sulphur containing environments. It is used extensively
in the chemical and heat treating Industries. Its application includes
heaters and nuclear reactors.

INCONEL® alloy 601 (Alloy 601) is a nickel-chromium-iron solid-solution
alloy [31]. It exhibits outstanding resistance to oxidation and is also
resistant to carburization, sulphidation and nitriding. It is used in
petrochemical processing as a catalyst generator and air pre-heater in the
manufacturing of high density polyethylene.

INCONEL® alloy 693 (Alloy 693) is a nickel-chromium-iron-aluminium
solid-solution single-phase alloy [31]. It is a newly developed alioy from
Special Metals in the United Kingdom. It has better resistance to metal
dusting in chemical and petrochemical processing environments than the
conventional alloys currently manufactured. Alloy 693 is said to offer
excellent resistance to oxidation, carburization and sulphidation. It is
used in petrochemical industries, thermal processing, and burner nozzies,
and high temperature fuel cell reformers. It is used as reformer tubes,
tube ferrules, baffle plates and valve components.

INCONEL® alloy 690 (Alloy 690) is a high chromium-nickel solid-solution
alloy [31]. It is resistant to oxidizing atmospheres and has good
resistance to sulphidation and carburization. It is used in coal-gasification
units, burner and ducts for processing sulphuric acid and furnaces for
petrochemical processing.

INCOLOY® alloy 800HT (Alloy 800HT) is a nickel-iron-chromium solid
solution alloy [31]. It is said to exhibit excellent resistance to oxidation
and good resistance to carburizing atmospheres at 925°C to 980°C. It
also has good resistance to many sulphur-bearing atmospheres at high
temperatures and nitriding atmospheres. It is used in the hydrocarbon
processing industry, hydrocarbon reforming for catalyst tubing, convection
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tubing, pigtails and high temperature heat exchangers in gas-cooled
nuclear reactors.

253 MA is a fairly low nickel content alloy that has good resistance to
oxidation and excellent resistance to sigma phase precipitation [32]. It
also exhibits good resistance to sulphur-bearing gases in an oxidizing
atmosphere. It is used in fumace components including bumers, radiant
tubes, refractory anchors, and petrochemical and refinery tube hangers.

GR 309 is a highly alloyed austenitic stainless steel used for its excellent
oxidation resistance, high temperature strength and creep resistance. A
low nickel content ensures more resistance to sulphidation [33].

2.2 CARBURIZATION

Carburization is an increase in carbon content on the surface of alloys due
to interaction with a carbon rich environment at elevated temperatures.
Carbon monoxide and carbon dioxide can penetrate resistant oxides like
chromia (Cr.03) through pores, micro-cracks and other defects and
subsequently carbon dissolves in the alloy until it reaches sufficient
activity to precipitate carbides [20]. Carburization has a significant
influence on the corrosion behaviour of alloys since carbon form intermnal
carbides such as CryCs, Cr3C; and/or CryCs, depleting the alloy matrix
locally of chromium [34]. The formation of internal carbides leads to a
volume increase and additional local stresses that affect the mechanical
properties of the carburized alloy [35-37].

Carburization is often enhanced in high temperature oxygen deficient
atmospheres containing water vapour, CO,, and/or CO [20]. In reforming
processes, natural gas reacts with steam to form CO, Hy, CO, and a H0
gas mixture, which are strongly carburizing and slightly oxidizing to the
alloy components. Hence metal dusting which is a severe form of
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carburization is prevalent in reforming plants. Under highly carburizing
environments (ac>1), the alloys are subjected to metal dusting.
Carburization processes are largely affected by the alloy composition,
temperature and composition of the atmosphere [20]. These parameters
determine the type of chemical reaction that occurs at the surface which
results in carbon diffusion into the alloy [35].

2.2.1 Mechanism of Carburization

Austenitic alloys with higher solubility for carbon are more susceptible,
and the ferritic stainless steels are often recommended for resistance to
carburization [38]. Carburization is a high temperature corrosion
phenomenon caused by carbon diffusion from the atmosphere into a metal
or alloy component leading to internal carbide precipitation within the
temperature range of 450 — 1000°C. It can proceed by the following
reactions when the environment contains CHs, CO, CO; and H;:

CO+H,=H,0+C (2.1)

200=C0, +C (2.2)
CH,=2H,+C (2.3)
M+ CO, = CO+ MO (2.4)

where M = Metal.

From these equations carbon diffuses into an alloy until it reaches
sufficient activity to form the internal carbides. Carburization involves the
following steps:

1. C/CO transport to the surface of the alloy

2. C diffuse into the surface of the alloy

3. Solid state reaction with Fe in the alloy or steel, Fe + C = Fe,C, resulting

in carbide formation [39].
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2.2.3 Kinetics of Carbon Diffusion

Factors that influence the diffusion of carbon into the alloy are
temperature and the microstructure of the alloy. The diffusion rate
increases very rapidly with increasing temperature. At low temperature
diffusion is faster in polycrystalline than in single crystal materials,
because of the accelerated diffusion along the grain boundaries and
dislocations. Diffusion is faster in alloys with fine grains than alloys with
coarse grains. Often it is necessary to know how fast diffusion occurs or
the rate of mass transfer. This rate is expressed as a diffusion flux (3).

J=-D % (Kg/m?.s) (2. 5)

where, D is the diffusion coefficient (m%/s) and is a temperature
dependent diffusion coefficient related to temperature according to [19]

D=D, exp(-— &—) (2.6)

where,

% = concentration gradient (Kg/m*)

Do = a temperature independent pre-exponential (m?/s)

Qq = the activation energy for diffusion (3/mol)

R = the gas constant, 8.314 J/mol.K

T = absolute temperature (K)

The minus sign in the equation means that the diffusion is down the
concentration gradient, from a high to a low concentration. The driving
force for diffusion in equation (2.5) is the concentration gradient.

2.3 METAL DUSTING

Metal dusting is a high temperature corrosion phenomenon that leads to
the disintegration of engineering metals and alloys into dust consisting of
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fine metal particles or alloy, carbon and carbides {40]. The corrosion
products are carbonaceous deposits known as "coke”. It occurs in a
strongly carburising atmosphere with a carbon activity greater than one
fa. =1) at intermediate temperatures, 400-800°C. Metal dusting is
prevalent in atmospheres containing carbon dioxide, carbon monoxide,

natural gas and hydrocarbons.

Metal dusting causes pitting o uniform thinning of metals and alloys.
Examples of alloys attacked by metal dusting are shown in Figure 2.1 and
Figure 2.2 below [41]. Metal dusting is of concern within petrochemical
industries and results in unscheduled process unit shut downs and |oss of
production. It is alsg a concern in steel industries, internal combustion
engines, waste heat boilers, carbon dioxide cooled nuclear reactors, coal-
gasification components, in methano! production, in hydrocarbons and

ammonia synthesis and syngas generation [5,34,42,43].

Figure 2.1: SEM photographs showing pits left by garowing coke
protrusions on alloy 803 (34% Ni-27% Cr-37.21% Fe} with {a) large
grain size and (b} small grain size after 370 hours, {c) the bottom of a pit
and {d} graphite filaments at the pit bottom [41]. _
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Figure 2.2: Alloy 800 (32% Ni-20% Cr-38% Fe) attacked by metal
dusting. Pits are evident towards the right. It was exposed to syngas at
780°C.

2.3.1 Mechanism of Metal Dusting

Metal dusting occurs as a result of carbon diffusion from a carbonaceous
atmosphere into the alloy or metal. Carbon can diffuse into the alloy or
metal by one of the following reactions if present in the carburizing

atmospheare:
CO+H, _HO+C {2.1}
WO=00, +C (2.2)
CH, -2l +C (2.3)

Nickel and nickel-based alloys, iron and iron-based aiioys are the most
common metals and alloys used for high temperature applications. The
mechanism of metal dusting for pure iron and iron-basead alloys are well
understood but, for nickel and its alloys, the mechanism is not as clear as
that of iron and its alloys. Metal dusting of iron and iron-basad alloys was
found to be slightly different from nickel and nickel-based atloys
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[6,17,25)]. Szakalos et af has proposed that there are three main metal
dusting meochanisms operating depending on the aloy composition
denoted Type I, Type II and Type III [28]. Type I involves the formation
and decemposition of metastable carbides, Type II invelves graphite
formation inte and Inside the Ni-centaining matrix and disintegration of
the matrix and Type II invelves an active corroston with carbon and

oxXygan.

2.3.2 Mechanism of Metal Dusting of Iron and Iron-based Alloys

The following metal dusting mechanlsm is classified as the Type [
maechanism [28]. Carbon diffuses Inte the metal and reacts with Fe to
form cementite, FesC. The following reaction sequence occurs on Fe and
low alloy steels [8,17,39,40, 44]:
1. Transfar of carbon intg the metal phase and super saturation of the
metal with dissolved carbon;
[T. Precipitation of Fe,C at the surface and at the grain boundaries;
III. Deposition of graphite fram the gas atmosphere onte the Fe.C,
which is at the surface;
IV. The start of Fe;C decomposition under fermation of graphite and
metal particles and;

V. Furthar graphite deposition, catalyzed by the metal particlos.

This mechanism is depicted schematically in Figure 2.3 [17]. When the
carbon activity is greataer than one, carbon diffuses into the metal and
formm cementite. The formation of cementite acts as a barrier to further
carben ingress, hence, the carben activity at the surface rises and
graphite nucleates, Nucleation of graphite decreases the carbon activity
te one (a.=1) as depicted in Figure 2.3a and thus Fe;C becomes unstabla.
The cementite gecomposes to graphite and iren by growth of graphite into
cementite {17].
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Figure 2.3: Schematic iflustration of metal dusting mechanism of Fe, low
alloy steels and Ni, (a) Carbon transfer into the metal and over
saturation, {(b) Nucleation and growth of Fe;C in Fe and fow alloy steels,
{c) and {d}) MNucleation and growth of graphite into Fe:C by C atoms
attaching to the lattice plane of graphite, (e) Carbon filaments with metal
particies at the tip after disintegration, {fj Steady state metal dusting of
Fe and low alloy steels at temperature less than 600 °C, inward growtih of
Fe:C which disintegrates outward under coke formation, (g) Steady state
metal dusting of Fe and low alloy steels at temperatures greater than
700 °C, formation Fe layer between Fe;C and coke, carbon diffusion
through this layer and final disappearance of FesC [17].
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2.3.3 Metal Dusting of Nickel and Nickel-based Alloys

The reactions occurring for nickel and nickel-alloys are almost the same as
for iron and iron-alloys, but different with only one step. For nickel and
nickel-based alloys, there is no formation of intermediate metastable
carbides [17]. After saturation of the matrix by carbon, the saturated
matrix directly decomposes into metal particles and graphite. Pippel et a/
showed that alloying of iron with nickel changed the mode of
disintegration [45]

When a nickel concentration of about 10 wt% Is present in iron, the alloy
will disintegrate directly as in nickel and nickel-based alloys [45]. Muller-
Lorenz et al have also observed that HK40 (a 53.9% Fe, 25.6% Cr and
20.5% Ni alloy) disintegrated directly without forming cementite layers.
This type of mode is normally observed in nickel and nickel-based alloys
[46]. Szakalos et al observed that Type II and III may occur
simultaneously in austenitic stainless steels and Type III in nickel-based
alloys and high alloyed steels [28,47]. The Type II metal dusting
mechanism involves graphite formation inside the carbon supersaturated
alloy matrix; consequently the matrix disintegrates into small metal
particles.

The particles continue to disintegrate until they are too small to nucleate
graphite and this leads to the formation of nano-particles of Type IV. Type
1V is a continuous disintegration of small particles. Type III is an active
corrosion by carbon and oxygen. Carbon diffuses into the alioy and
carbides are formed. The carbides that are formed are selectively
oxidized by free oxygen from the dissociation of CO or H;0.
Consequently, free carbon is released which forms carbides and graphite
again. The process is repeated over and over again until the alloy is
consumed. Type II, III, and IV are depicted in Figure 2.4.
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 Ni-base alloys sad ;u;teniﬂe stainless steels >

Corroslon products (Coke)

Figure 2.4: Schematic metal dusting mechanism chart for nickel-based
alloys and austenitic stainless steels. Dashed arrows denotes a catalytic
carbon reaction, which is not primarily included in the metal dusting
process [47].

2.3.4 Metal Dusting of High Alioyed Steels

Basically the mechanisms here are the same for nickel or iron, but some
additional steps are considered, as depicted by the diagram in Figure 2.5
[171:
I. The protective oxide scale fails at some weak point in the surface
and a virgin material is exposed to the environment;
I1. Carbon diffuses into the metal and reacts with carbide forming
elements in the alloy to form stable carbides, M2x3Cs and M;Cs with
Cr as the main component and MC with M = Ti, Zr, V, Nb, W and
Mo,C. A zone with internal carbide precipitates is formed (Figure
2.5b) and this region is oversaturated with dissolved carbon;
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I11. After saturation the remaining iron or iron-nickel matrix disintegrate
by one of the mechanisms described in sections 2.3.2 and 2.3.3,
and fine metal particles are formed,;

IV. The fine metal particles act as a catalyst for further carbon
deposition and outgrowth of coke from the pit which is starting to
grow from the “weak point” (Figure 2.5e). If the oxide scales have
inclusions or cracks and are thick, flat pits are formed. If the oxide
scales are strong and stable, pits are likely to be hemispherical.
Figure 2.6 illustrates the formation of a hemispherical region which
will lead to hemispherical pit formation [48];

V. When the metal matrix is subjected to disintegration by metal
dusting; simuitaneously the carbides My3C;, M;C; and MC are
oxidized and spinels are also formed such as (Mn,Fe)Cr,04. The
spinel oxides spalled off during the metal dusting process are
retained in the carbon deposit
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Figure 2.5: Schematic of the metal dusting mechanism in high-alloy
steels. The additional steps are: {a) Occurrence of a defect in the oxide
scale and (b} internal carbide formation, {c) formation of a metastable
intermediate carbide, {d} decomposition of the now unstable carbide to
carbon and metal particles, and (e) outgrowth of colte by graphite
deposition on metal particles [B].
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Figure 2.6: Illustration of the equidistant diffusion of carbon from a
localized defect in the protective oxide scale that results in the saturation

of a hemispherical region with carbon {48].

2.3.5 Characteristics of Coke

Carbon deposition from  envireanments  anto  alloys Ilzads to the
disintegration of alloys into a powdery mixture consisting of fine metal
particles of the base alloy, graphite, and sometimes carbides and oxides
[17,49]. These corrosion products are known as "coke” [8,50] Coke is
removed by flowing gases in plants leaving pits ang grooves in the
affected metal surface [17]. In the laboratory simulation of metal
dusting, coke can be retained and analyzed. Han et af have observed that
the amount of coke protrusion was large on alloys with bigger grains when
compared to alloys with small grains [41].

A SEM micrograph of coke protrusion is shown below in Figure 2.7 [41].
The coke protrusion consisted of graphite filaments, particles of metals

and oxides.
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Figure 2.7: {a) and {(b) Coke growing from alloy B03 (34% Ni-27% Cr-
A7.21% Fe], (c) filamentous graphite and (d) metal particles at tip of
graphite filament=s [41].

The morphology of graphite in the coke is categorized into three types
[21,52]. The first type is porous graphite clusters with embedded iron-
containing particles, the second type is compact bulk graphite with a
uniform thickness and a columnar layered structure, and the third type is
flamentous carbon with iron-containing phases at the tip. The gas
composition affects the morphology of the graphite. Figure 2.8 shows the
morphology of graphite on the samples with different composition of the
gas mixture. For gas mixtures with low CO content {1-59%), porous
graphite clusters were observed. With high CO contents, two layers of
graphite were observed [51,52]. The innar parts consist of a mixture of
porous graphite clusters and inter-woven graphitic filaments., The outer
part consists of a uniform thickness and a columnar dense layer.
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Figure 2.8B: SEM observation of the graphite morphologies of iron samples
after carhurization for {a) 21.5 hours with 1% CO, (b) 5 hours with 5%
CO, (c} 4 hours with 30% CO, (d) 2 hours with 50% CQO, () 2 hours with
75% CO and (f} 2 hours with 95% CO in CO-H-0.2% H;0 [52].

2.3.6 Thermodynamics of Metal Dusting

Carbon activity is & thermodynamic driving force for metal dusting and
increases with a decreasing temperature. Metal dusting occurs when the
carbon activity of the environment is greater than one at elevated
temperatures [44]. The carbon activity or chemical potential of carbon
can be used to measure the susceptibility to metal dusting. When the
carbon activity of the gaseous atmosphere is much greater than one
(@c>>=1), metal dusting have a propensity to be more severe. Natural gas

reacts with steam to form a CQ, C0O;, H; and H:O0 gas mixture in syngdas
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reformer plants [53]. These products are robustly carburizing and
somewhat oxidizing to the structural materials. Carbon can be deposited
onto the alloy by one of the following reactions [5,17,44]:

CO+H,=H,0+C (2.1)

200=00,+C (2.2)
CH,=2H,+C (2.3)
C,H, = %Hz + xC (2.7)

The carbon activity of each reaction can be calculated as follows [5,8,171]:

CO+H,=H,0+C

P, xP K

a, =0 03 (2.8)
Py,

2C0 = CO, +C
2

o = Feo) XK, (2.9)
PCOZ

CH,=2H,+C

PCH‘ xK,

= (2.10)

P, . xK
a, =| St 27 (2.11)
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where KX is an equilibrium constant of a reaction and P is the partial
pressure of the constituent gases.

Increasing the system pressure increases the carbon activity for reaction
(2.2) irrespective of the composition [5]. The carbon activity values will
be the same for reactions (2.2) and (2.3) if the equilibrium gas phase
prevails at high temperatures and/or for a long time since
thermodynamically the gas composition will change to give the most
stable composition [5]. As the temperature increases the carbon activity
decreases while the diffusivity and carbon saturation concentration both
increases with increasing temperature [54]. Hence it is not easy to
envisage which temperature will have the most severe action on the alloy
surface. Dean used the carbon precipitation temperature (CPT), which is
the temperature at which the carbon activity is unity, to envisage the
metal dusting severity of a syngas [54,55]. The higher the CPT, the more
aggressive the syngas will be and metal dusting will occur.

The oxygen partial pressure, F, , is an important factor which has an

influence on metal dusting resistance since the oxide scale formed act as a
barrier for inward diffusion of carbon in the alloy [5,17]. In the laboratory
simulation of metal dusting environment, oxygen is available to the alloy
by the foliowing reactions:

H,0=H,+Y0, (2.12)
co,=co+Y0, (2.13)

The initiation time for metal dusting to occur is affected by the
competition between the oxidation process to form a protéctive, stable
and self repairing oxide scale on the alloy surface and the deposition and
diffusion of carbon into the alloy [5]. If the alloy can develop a protective
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oxide scale rapidly and early during exposure, subsequent deposition of
carbon on top of the oxide scale can delay further ingress of carbon into
the alloy and hence the initiation of metal dusting [5,17].

Metal dusting occurs very fast in laboratory simulations since the partial
pressure of oxygen is very low [5,17]. In industries, the partial pressure
of oxygen F, is high enough that chromium rich alloys can be oxidized

before carbon deposition and therefore metal dusting in industries take a
longer time when compared to laboratory simulation. Metal dusting in
laboratory simulation is more aggressive than in actual plants. For actual
plants, metal dusting initiation can take months or years whereas in the
laboratory, it can take days or even weeks.

2.3.7 Factors Affecting Resistance to Metal Dusting

This section describes possible ways of retarding carburization and metal
dusting or minimizing its occurrence.

2.3.7.1 Formation of an oxide film

It is believed that a dense uniform layer of chromia or alumina can
prevent carburization on engineering alloys at least for a certain period
[17]. Since carburization is the main cause of metal dusting, suppressing
carburization therefore suppresses metal dusting for a certain period. The
protective oxide film forms an effective barrier to further carbon ingress
[15,56,57]. The success of surface oxide films in restraining metal
dusting therefore depends on the specific process environment and the
influence that it has on the oxide scale stability. It also depends on the
ability of a damaged oxide film to repair itself.
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The oxidation rate and diffusion of carbon in the alloy will be minimized if
the oxide film has a combination of favourable properties that include
[20]:

o The film must have good adherence, to prevent flaking and
spalling;

¢ The melting point of the oxide must be high;

¢ The oxide must have low vapor pressure to resist evaporation;

o The oxide film and the metal must have almost the same thermal
expansion coefficient;

e The oxide film must have high temperature plasticity to
accommodate differences in specific volumes of the oxide and
parent metal, and differences in thermal expansion;

e The oxide film must have low electrical conductivity and low
diffusion coefficients for metal ions and oxygen;

o It must have good erosion resistance;

e The scale must have good resistance to impurities such as deposits
and ashes.

Impermeability against aggressive components of the environment, such
as carbon, nitrogen and sulphur is essential. Carbon penetration into the
alloy occurs by diffusion of carbon-containing molecules through the pores
of the oxide films or scale. The carbon penetration is enhanced by creep
of the materials and/or in the condition causing cracking of the scales.
When metal dusting occurs locally at defects on a stable oxide film,
damage is manifested as pitting of the base metal at the oxide film defect
site [17]. The brittleness of the oxide film makes durability difficult and
the oxide film can be damaged by particie abrasion or by internal stresses
developed during the transient condition of pressure and temperature.
The difference in the thermal expansion between the oxide films and the
metal can create stresses that result in cracking or spalling of the oxide
film.
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2.3.7.2 Effects of various individual alloying elements

The resistance of an alloy to metal dusting is strongly dependant on the
alloy composition. Nickel in conjunction with chromium improves the
high-temperature corrosion resistance in alloys. It also gives improved
resistance to thermal cyding during the high-temperature oxidation.
Carbon diffusivity and solubility is decreased with increasing nickel content
and therefore retards carburization [11,17]. Nickel-based alloys were
found to resist metal dusting more than iron-based alloys [53,58]. The
alloy composition has a significant effect on the rate of metal dusting and
also on the type of metal dusting mechanism that will occur. The kinetics
of metal dusting becomes slower depending on the type of mechanism
operating in the order I-1I-11I [28]. Szakalos et al has suggested that the
alloy composition in Fe-Ni-Cr alloys determines which metal dusting
mechanism will occur. A chart of metal dusting mechanism as a function
of composition is shown below in Figure 2.9 [28].

Fe Cr

Figure 2.9: Schematic chart of the operating metal dusting mechanism as
a function of the alloy composition during metal dusting conditions In a
CO-atmosphere at 650°C [28].

g UNIVERSITY OF CAPE TOWN



Literature Review 36

An allgy with a higher nickel content, /.e., close to the top comer of the
triangle will only suffer from the type II mechanism which is slower than
type 1. Alioys with higher chromium content will be subjected to a type III
mechanism which is slow, hence the incubation period for the initiation of
metal dusting is prolonged. Nishivama et af had found that an alloy with
maore than 30% Cr had high pitting resistance due to a formation of a
stable chromium oxide scale [59]. Alloys with less chrome and less nickel

contents are attacked within a short period as shown in Figure 2.10 [59].
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Figure 2.10: Formation of pits on the surface of specimens exposed to a
60% CO-26% H:-11.5% C0,-2.5% H,O gas mixture at 650°C. {a)
isothermal, (b} cyclic test. Black dots-pitting after 1000 hours, grey
dots-pitting after 3000-4000 hours and white dots—no pitting after 5000
hours [59].
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Silicon forms adherent resistance films alpne and in conjunction with
chromium. It is thought to reduce the solubility and diffusivity of carbon
in alloys [15,17]. It is added at 2 to 3% levels to many iron and nickel-

based chromium-bearing alipys to improva the corrosion resistance.

Maier et a/ had done investigations on factors affecting metal dusting and
found that silicon had a significantly beneficial influence upon the
resistance to metal dusting attack [15]. The 12% Cr-2.75% Si alioy
behaved in similar manner to that observed for 25% Cr-20% Ni. The 25%
Cr-20% Ni alloy resisted metal dusting with little evidence of attack.
Aluminium  forms protective oxide films, but at a lower rate than
chromium. Aluminzg has been proven to resist carbon diffusion inte the
metal matrix, but the kinetics of formation of this oxide film are, however,
extremely slow at temperatures of 500 -800°C [36,47,60].

Chromium diffusion rates are higher in ferritic steeis than in austenitic
stainless steel and thus protective axide films are more likely to heal
rapidly at a low temperature in high chremium ferritic steels than in

austenitic steeis [8].

Baker and Smuith have shown that a high chromium and aluminium
contents in combination with a high nickel alloy matrix performed better
than other alloys in their laboratory test [53]. They also showed that
titanium and molybdenum had a significant effect on the resistance to
metal dusting because they promote early carbide formation and provide
diffusion blocking of carbon flux. Molybdenum, tungsten, niobium and
titanium form carbides when they are present in the alloy, s0 as to reduce
the depletion of chromium s0 that the protective chromia film can be
formed [20]. Without these carbides forming elements, only chromium
rich carbides M;3Cs, M;C;3 or CraC; would be formed. Subsequent depletion
of chromium due to chromium carbide formation reduces the capability of
the alloy to form an adherent, protective, healable oxide film
[11,17,53,58].
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Z.3.7:3 Effects of suiphur

Sulphur can suppress the adsorption of carbon by forming a monclayer on
the surface of steel, hence carburization and metal dusting can be
prevented [6,8,39,4D]. It can be introduced in the gas atmosphere as
hydrogen sulphide {(H;S) and will be adsorbed according to the following

reaction:

H,S _ H, + S{ad) (2.14)

wheare S{ad} is adsorbed sulphur.

The adsorbed sulphur hinders two important steps of the metal dusting
mechanism. The first step is the adsorption of carbon and diffusion of it
into the steel surface, and the second step is the nucleation of graphite
[8,17,39). Nucleation of graphite is needed for decreasing the carbon
activity at the suwface to start the decomposition of Fe;. H:;S maybe
addad in some plants if it will not affect the production process since it

tends to react with the catalysis in the plants that use catalytic processes

[8].

2.3.7.4 Thermal cydling

Oxide films that are ductile at high temperatures are often brittle at lower
temperatures. Most have different coefficients of thermal expansion than
those of the metals from which they are formed, setting up thermal
stresses when the temperature changes. Thus, an oxide formed at high
service temperature may lose adherence to the substrate alloy, when
conled to lower temperatures, and become unprotective when cycling or
periodic heating and cooling occurs [20]. Cyclic oxidation of Cr.0; forming
alloys can lead to spinel formation {FeCr;04) and thermal cycling causes
damage on the chromia scale. The chromia scale replenishes itself and
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these processes recur, and as a result chromium level is lowered in the
alloy [3,61].

230705 Swiface finish

Cold working the alloy by grinding the surface introguces dislocations in
an alloy. Large numbers of dislocations serve as fast-diffusion paths for
chromium to the surface to form a protective oxide scale [3,15,56]. The
affected alloy regions recrystallized, forming a finer grained structure.
The increased number of boundaries due to a refined grain structure then
provides rapid diffusion pathways for chromium. The oxide scale prevents
gas access to the metal and any consequent mternal precipitation,
Although the oxide scale spalls readily during thermal oycling, it is quickly
reformed by relatively fast delivery of chromium along the grain

boundaries to the surface [25].

Etching the alloy does not introduce dislocations that assist diffusion.
Chemically etched alloys cannot repair their scales as fast as ground alioys
because chromium diffusion is slow. Hanse| and co-workers had
investigated the effects of surface finish [3]. They found that in general,
the severity of metal dusting attack was greater for etched alloys than for
ground alloys [3]. The resuls of Hansel ef af are shown in Figure 2.11.
They show weight change kinetics for different reaction temperatures and
two surface finishes {ground znd etched). The results represent net
values from any weight gain due to uptake of carbon and/ or oxygen and
weight loss due to spallation of the oxide scale or disintegration of the
sample. The weight versus time of exposure provides useful data about
the susceptibility of an alloy to metal dusting and carburization.
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Figure 2.11: Weight change kinetics for different reaction temperatures

and two surface finishes (ground and chemically etched alloys) during

thermal cycling [3].

Grabke et af found that grinding the alloy surface prolonged the protection

of an atloy against metal dusting [17,25].

A ferritic structure and a high

degree of surface deformation promote chromium diffusion to the surface

and these factors favours the rapid formation of a chromium

rich

protective oxide scale [56,62]. Piehl et af had observed that the thickness

of the oxide scale had a3 strong dependence on the surface finish {62].

The more the surface of the material has been deformed, the thicker the
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oxide scale and hence, the higher the resulting mass gains, see Figure

2.12, A high degree of surface deformation increasss the diffusion

coefficient

of chromium in alloys as illustrated by Figure 2.13 [62].

Consequently, chromium diffuses rapidly outward to the surface to form a

protective oxide layer.

Mass gain [pg/em’]

co3 838283358
-
|
|
!

glactro- pohintcd ground  sandblasied sandblasiod
poilanas {28 pm) (150 pm)

Figure 2.12: The mass gain of a ferritic 12 wi%u Cr steel for different
surface finishes after 100 hours of oxidation at 599°C in H-2.5%H.0

[62].
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Figure 2.13: Apparent diffusion coefficient (m?/s) of chromium alloys

deduced from samples of alloys with different surface finishes after 10

hours of oxidation time [62].
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Z35h Effects of grain size

Since chromium, aluminium and silicon are substitutional solute atoms,
they require vacancies for diffusion [19]. Grain boundaries have regions
with high concentration of vacancies. Reducing the grain size of the allay
enhances the resistance to metal dusting [6,17,41]. Alloys with small
grain sizes have mare grain boundaries than alloys with bigger grans.
Reduced grain seize provides fast diffusion paths for scale-forming
glements such as silicon, aluminium and chromium to the alloy surface to

form a protective oxide scale.

Han ef &/ found that the alloy with large grains was severely pitted
compared to alloy with small grain size [41]. Perez suggested that the
oxidation behaviour of Fe-Cr-Al alloys depends on the grain size of the
alloy and showed that a fine grained alloy containing 1 at. % less in
chromium and aluminium than the coarse grained alloy reveals a better
oxidation resistance [632]. Voisey et 3/ also showed that refinement of
grain size has a significant positive effect on the diffusion coefficient for Cr
in the alloy [64].

2.4 SUMMARY

It is apparent that metal dusting can occur in an environment containing
carbon with a carbon activity greater than one. A rather random attack of
metal dusting occcurring acrass all types of petrachemical plants makes it
difficult to propose a resistant material. Industrial experience shows that
the enviranment places a2 big role on the propensity for metal dusting. It
indicates, for instance, that if Alloy 600 is resistant in a heat exchanger for
synthesis, it does not necessarily mean it will be resistant in heat a
exchanger of an ammaonia plant. The environments are not exactly the
same. The laboratory experience an metal dusting only serves as a guide
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on material selection since the exact environment on the plant cannot be
simulated in the laboratory. The gas mixtures used in the laboratory for a
metal dusting corrosion test in the literature gives |ower oxygen partial
pressures and higher carbon activities than in the actual plants. The
laboratory environments are enhanced so that metal dusting can start
airnost irnmediately which is not the case in the plants. This enhancement
s done so that plant designers can choose the likely resistant material
since it would take a long time to get the results if the candidate materials
were o be exposed to the plant environment and would also be very

costly.

The rather unpredictable behaviour of Alloy 6090 and 800 in different
plants can be attributed to some change in the operation condition in the
plants, repairs or change of the material and sudden ingress of impurities,
Irmpurities such as chlorine, forms chlorides which hinders the formation
of protective oxides scales. Some plants may have a high concentration
af sulphur and some not, and sulphur is known to suppress metal dusting.
In addition, Alloy BOO is a rather large grained alloy as compared to Alloy
600 with fine grains. A fine grained material would form Cr-rich protective
oxides rapidly than a coarse grained material, especially at ralatively low
temperaturas. A fine grain microstructure provides fast diffusion paths for
the transport of Cr, Al and Si to the surface. In general, the explanation
for the apparent anomalies may lie with differences in the process
environments that affect the stability of protective oxides films. The
experirnents carmied out in this project were designed to serve as a guide
for matertal selection by exposing different alloys to a  spedific
environment in order to compare the performance of various candidate
alloys for the PetroSA plant.
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CHAPTER THREE

EXPERIMENTAL METHODS

3.1. MATERIALS

The test materials used consisted of iron and nickel-based alloys. The
iron-based alloys are allgy S00HT, GR 309 and 253 MA. The nickel-based
alloys are alloys 214, 230, 600, 601, 690, 692, and HR 120 and HR 160.
The HR 160 had higher silicon content than the other alloys, Alloy 214
ang altoy 693 had higher aluminium contents than the other alloys.
Alurminium and silicon have a high affinity for oxyaen and can form a
protective oxide layer., Table 2.1 shows the nominal composition of the

selected alloys. The data was obtained from the suppliers of the alloys.

3.2. METAL DUSTING SIMULATION RIG

An oniginal furnace rig built by Andrew 1. L. Vaughan was refurbished and
used to accommaodate bigger samples [65]. The modified furnace rig
consists of an alumina tube 1 (B0 mm in diameter), an atuminag tube 2 (50
mm in diameter) wounded with a heating wire, a humidifier, guartz glass
tube, cooling coils and a sample holder. Alumina tube 2 is inserted into
the middle of tube 1. & quartz glass is inserted inside the alumina tube 2
and the samples were placed inside the quartz glass, the reaction
chamber, as shown in Figure 3.1. Brass flange caps with O-rings seal
closed the ends of the quartz tube. The flange caps provide port fittings
for the gas flow ang sample holder. Aluminium flange caps with an G-ring
seal, closes the ends of the alumina tube 1. The flange caps provide port
fitkings for the cooling coils system, the power supply and the
thermocouple attached to the heating wire. The metal dusting simulation

rig Is shown in Figure 3.2 and the outlet of the test gas in Figure 3.3.
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Table 3.1: Nominal chemical compaosition of alloys selected for exposure.

Alloy ?SII 3 |18 D.zl a5 | - D.SI 2

214 Zr.C
{HR 120 | 37 | 32F |25} 06 | 0.1 |2.5% 0.7 [2.5%3% - | ch,h,
B,C
HR 160|378 2* [28] 2.75 - 15 | 0.5 | 1% [29)0.5 Cb,
C
253 MA|10-| B |20-f1.10- - - (0.8 - |-|-] s,cCe
12 22| 2.8 NPC
Alloy | B | 3 j20-|0.25-]0.20- [1.0-]0.3-{13-[8%] - | P.S,
230 24| 075 050 [3.011.0] 15 La,B
GR 309 [12-| B [22-] 1% . _ Z A = e ex )
15 24
Alloy |72 |6-10|14-| 0.5° - T ZT: 7= &5
&00 17 s
Altey o8- B [21-] 05F [fp-37 - ] 5] - f-1-] Cu
601 |63 25
S R | 2.5- 2705 2540 - | 2] - |- [2%] cus,
693 6.0 | 31 b
Alloy [58%|7-11]27-f 0.5% | - = To=f] = 1-1-1 55
o90 31
Alloy |[30-{29.5%t19-[ - o025 | - - - 1-1-1 m+ |
800HT | 25 23 0.60 Al=0.8-1
12 |
(B) As balance, (§) maximum and {8) minimum.
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Figure 3.1: Diagram showing the construction of the tubes for a metal
dusting rig; Tube 1 - alumina tube, Tube 2 - alumina tube wounded with

a resistive heating wire inside Tube 2 and Tube 3, a guartz tube, is

inserted in Tube 2.

Figure 3.2: Metal dusting simulation rig covered with a meshed wire for
protection. Samples are slide in and out of the reaction chamber by a
sample holder attached to the rails shown. The arrow shows a sample
holder.

Alumina Tube (Tube 2)

A heating wire was wound around the alumina tube and a K-type
thermocouple was attached between the wire the alumina to monitor the
temperature of the tube wall. Ceramic cement was used to cover the
wires so that they cannot move around. The maximum operating
temperature is 650°C at a pressure of one bar for an uninterrupted period

of one week.
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Figure 3.3: The extraction system. The gas flows through the reaction
chamber and flows out via the outlet into the metailic tube sheet and into

the ventilation system. The arrow shows a gas outlet.

Humidifier

It consists of a Perspex tube, 50 mm in diameter and 200 mm in height
and filled with distilled water, see Figure 3.4. The test gas enters the
water through a diffuser. The diffuser breaks down the gas into small
bubbles to ensure faster transfer of water vapour to the gas. The water in
the humidifier is held at a temperature of 20°C. The gas mixture enters
the humidifier as CO-H; and leaves the humidifiers as a 74%C0 - 24%H, -
2%:H,0 gas mixture [65]. Equilibrium was assumed to have been
achieved inside the humidifier. The CO-H,-H,Q gas mixture is then

directed into the reaction chamber.
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Figure 3.4: Components of the humidifier, A - front view, B - rear view
the humidifier,

Sample Holder

It consists of a K-type thermocouple covered with a ceramic sheath to
protect it from the carburizing gas This thermocouple is used to measure
the temperature of the samples. Ten alumina rods with a diameter of 1.8
mm are attached on top, along the length of the thermocouple, as shown
in Figure 3.5.

3.3. ALLOY SAMPLE PREPARATION

Two samples of about 3 X 13 X 20 mm from each alloy were drilled with a
2 mm hole near the top edge. The hole drilled on the samples was used
to hang the samples on the alumina rods attached to the sample holder,
as shown in Figure 3.5. The black covering over the alumina rods is

ceramic cement,
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For the first exposure at 650°C for 500 hours, one sample was ground
with 800 arit SiC paper and denoted "GRD". The other sample was not
ground and was denoted "ARD" {(as-received).The samples were cut from
a cold rolled plate. Each sample was given a unigue identification by
stamping & letter on its surface. For the second exposure at 500°C for
268 hours, the same preparation performed for the first exposure at
650°C was carried out. For the third exposure at 500°C for 268 hours,
one sarmple was heat treated at 850°C for an hour in an inert atmosphere
and was denoted "HT® (heat treated). The other sample was not heat
treated and was denoted “ARD”. After the sample preparations, all

samples were cleaned with acetong and weighed before exposure.

Figure 3.5: Specimen holder with a thermocouple at the tip and alumina
rods attached on it. The dark covering over the alumina rods is a ceramic
camant. Samplas are hanged on the rods.

3.4. TEST ENVIRONMENT

The exposure of commercial alloys was conducted in a flowing CO-Hx=H:0
gas mixture at temperature of 650°C and at pressure of about 1.2 atm.
The gas used was purchased as pre-mixed and was a binary H:~CO
mixture, composed of 75 vol. % H: and 25 vol. % CO. Prior to passing
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the gas into the reaction chamber, water vapour was introduced by
bubbling the H;-CC mixture at a rate of & litres per heour through a
humidification system held at a constant temperature of 20°C to give a 2
vaol. % H;O. Upcn entry into the reaction chamber, the carburizing gas
composition was 74% H;, 24% CO and 2% H;O. The atmosphere is
strongly carburizing and slightly oxidizing., The carbaon activity of the test

gas was calculated from the following reaction and equation j111]:

CO+H, - H,0+C (3.1)

Fop x Py x K,
P

LN

(3.2)

"

whereby the equilibrium constant, K, is given by the following equation
log K = Tm% ~7.496 {3.3)

The equilibrium oxygen partial pressure was calculated from the following
reaction and eguation;

H,0=H,1 0, (3.4)
2 PH .p, 171
AGL) “RTInK = —RF | % (3.5)
o0

AG" is standard Gibbs free energy change for the above reaction and is
given by |66]:

AGY = 246400 54.8T (3.6)

where T is the absolute temperature, R is the universal gas constant and

P's are the partial pressures of the constituent gases [66].
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3.5. TEST PROCEDURE AND ANALYSIS

The samples were introduced into the reaction chamber and purged with
argon at rgom temperature for an hour, After that, the samples were
heated until the test temperature (650 and 500°C) was reached, Argon
was replaced by a carburizing and slightly oxidizing test gas mixture of
CO-H:-H:0 under a pressure of 1.2 atm. The flow rate was 6 litres per
hour at standard temperature and pressure. After each period of
exposure, the test gas was replaced by argon and the reaction chamber

was let to cool to room temperature.

Samples were taken cut and their visual appearance noted. The mass
change of the samples was measured after each period of exposure. Each
sample was weighed after removing the coke deposit by a soft brush and

by ultrasonic cleaning in acetone.

The pits on the sample surface were analyzed with a stereo-microscope
and scanning etectron microscope (SEM) equipped with energy dispersive
spectroscopy (EDS)Y for chemical analysis. The microstructures of the
samples were studied by optical microscopy. The micrg-hardness of the
samples was measured with a Highwood (HWDM-3) Vickers's micro-
hardness tester machineg with a load of 100 gf before exposure and after
exposure to check the effects of any precipitation hardening process that
might occur. Prior £0 exposure, the composition of the selected alloys
were analysed by spark emission spectroscopy and scanning electron

microscope with energy dispersive spectroscopy.

3.6. PLAN OF TESTING

Three series of tests were carried out., The first exposure was conducted
at 650°C (Experiment A) for a total of 500 hours, The main aim of the
first exposure was to evaluate the effects of surface finish to metal

dusting resistance. Six alloys in the table were exposed, see Table 3.2,
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Table 3.2: The selected alloys exposed at 653°C and 500°C for a total of
500 hours and 268 hours, respectively.

Alloy 600 Ground As-received
HR 160 Ground As-received
253 MA Ground As-received
GR 309 Ground As-received

Altoy 230 Ground As-received

Alloy 214 Ground As-received

The second exposure was conducted at 500°C (Experiment B) for 268
hours. The main aim of this exposure was to evaluate the effects of
surface finish and effects of temperature and carbon activity of the
environment. The effects on temperature and carbon activity of the
environment were achieved by comparing the metal wastage of the first
exposure at 650°C and the second exposure at 500°C. The same types of
attoys used in the first exposure were used for this exposure. The third
exposure was conducted at 500°C (Experiment C) for 268 hours. The aim
was to evaluate the effect of heat treatment prior to metal dusting
exposure. Five different alloys were exposed. The alloys selected are
shown in Table 3.3.
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Table 3.3: Selected alloys exposed at 500°C for 268 hours.

Alloy 601 HT As-received
Alloy 690 HT As-received
Alloy 693 HT As-received
Alloy 800OHT HT As-received
HR 120 HT As-received
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CHAPTER FOUR

RESULTS

4.1 CHEMICAL ANALYSIS

The composition of the alloys analyzed by SEM was different to the
nominal composition shown in section 3.1. The difference between the
nominal composition, spark emission spectroscopy composition  and
composition obtained from S5EM could be attributed to the different
techniques that are used to analyze chemical composition of metals.
Spark emission spectroscopy used was specificaily programmed to analyse
stainless stesls and low and high carbon steels, hence the newly
deveioped alloys cannot be analysed accurately. In addition, to analyse
the metal by spark emission spectroscope one has to select the type of
the alioy in the programmed menu of the spectroscopy and most of the
alloys were not in the programimed menu. Thus there exists a large
discrepancy between SEM and spark emission spectroscopy in the alloys
that were not in the programme. The nominai composition serves as a

guide for the composition of an alioy and not the exact composition.

The chemica! composition obtained by SEM will be used to explain the
different behaviour observed in the exposed alloys. The chemical

compositions of the alloys are shown in Table 4.1a and Table 4.1b.
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Tabie 4.1a: Chemical composition of alloys selected for exposure.

70.7 | 5.7 | 1829 3.8 0.038 0.158 0.027 Spark
o 3L 33 | 25 | 06 | 01 - 25 . 07 | 25 | 3 | Nominal
120 [42.64 3677]1963[019 | | 057 | 0.2 | 018 | SEM
o= 728 , 3.58 | 20.8 0.943 . 0.712 _ 0.583 0.199 Spark
HR 37° 2* [ .28 | 275 15051‘29 _____ 0.5 _| Nominal |
| 160 |42.66| 0.5 |2209 | 1.32 ; ; 0.61 | 32.6 | 0.21 SEM |
5 ! i ! Spark |
253 | 10-12 B 20-22 | 1.10- " 0.8% Nominal
o R et N IRINe el 0L R Ao e R Tt b (R
, 11.21 | 66.03 | 21.24 | 08 ... 1082 i  SEM
+ 11.03 | 65.2 | 20.5 | 1.69 | 0.013 | 0.212 | 0.615 0.243 | 0.009 | Spark
Aioy B 3* [20-24 ; 0.25- | 0.20- | 1.0- | 0.3- [13-15| &° Neminal -
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4.2 MASS CHANGE AS A FUNCTION OF TIME

This section shows the mass change over time of all alloys during the
experiments for two surface finishes viz. as received (ARD) and ground
(GRD). For these purpose three types of investigations was carried out.
The results represents the average mass change (mg/cm?) resulting from
any mass gain due to uptake of carbon and/or oxygen, and mass loss due
to spallation of the oxide surface layer or disintegration of the alloy (see
again section 3.6)

4.2.1 Alloy Exposure at 650°C for 500 hours (Experiment A)

The main aim of the first exposure was to measure the corrosion rates
and evaluate the effects of surface finish to metal dusting resistance at
high temperature. All solid lines indicate as-received, whereas dashed
lines indicate ground alloys.

Figure 4.1a and Figure 4.1b shows the metal wastage of the various alloys
with exposure time for the as-received and ground conditions,
respectively. From these two plots, in general, it can be seen that there
was neither significant mass loss nor gain after about 250 hours. The
onset of metal dusting of alloys in the as-received conditions was
observed after 300 hours and the rate of mass loss seemed to be much
faster for the as-received alloys than the ground alloys. The behaviour of
253 MA was rather unexpected since it seemed that 253 MA (ARD)
performed better than 253 MA (GRD).

After a total exposure of 500 hours, the most resistant (Figure 4.2) to
metal dusting alloys in both the as-received and ground conditions were
Alloys 230 and HR 160. The better resistance of these two alloys to metal
dusting can be attributed to their high nickel, high chromium and very low
iron content. The presence of high contents of tungsten and cobailt is also
beneficial as they are carbide forming elements.
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Figure 4.1: Mass change vs. time curves for the exposed alloys at 650°C

with differant surface finishes.
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Mass change of alloys after 600 hours

Figure 4.2: Mass change of selected alloys after a total exposure at 650°C
for 500 hours. Solid bars = as-received; striped bars = ground alloys.

4.2.2 Allgy Exposure at 500°C for 268 hours (Experiment B)

The main aim of this exposure was to aevaluate the effects of surface finish
and effects of temperature and carbon activity of the environment. The
effects on temperature and carbon activity of the environment were
achisved by companng the initiation and severity of metal dusting of the
alloy in the first exposure at 650°C and the secand exposure at 500°C.

Figure 4. 33 and Figure 4.3b shows the metal wastage of various alloys
with exposure time for the as-received and ground conditions,
respactively, From these two plots, in general, it can be seen that the
onset of metal dusting occurred earlier for both the as-received and
ground conditipns when compared to exposura at 650°C for all the alloys.
For the as-received condition the onset now occurs after 100 hours,
whergas for the ground surfaces the onset of metal dusting appears to
pccur at 200 hours. 1t would also appear that the as-received alloy, alloy
214 (ARD) starts to show metal dusting after only 1 day of exposure. The
behaviour of 253 MA is still an anomaly with the ground material
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performing worse than in the as-received condition. Also, alloy GR 309
now shows very high rates of corrosion in both the as-received and

ground conditions (Figure 4.4).

After the fotal exposure of 268 hours, the most resistant alloys in the as-
received conditions were again Alloys 230 (ARD) and HR 160 (ARD), as
shawn in Figure 4.4, The onset of metal dusting in Experiment A occurred
between 250 and 300 hours whereas the onset of metal dusting in
Experiment B occurred after 100 hours. Nishivama et af suggested that
carbon activity can be considerad as an index to represent metal dusting
propensity |16},  The earlier cnset of metal dusting of alloys in
Experiment B can be attributed to the higher carbon activity of 500 at
S500°C as compared to 15 at &50°C for Experiment A, Thus the
envirgnment in Experiment & was more aggressive than in Experimeant B,
A much higher carban achivity ensures early carbon deposition and hence

early onset of metal dusting as compared to a fower carbon activity.
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Figure 4.4: Mass change of alloys after a total exposure at 500°C for 268

hours. Solid bars = as-received; striped bars = ground alloys.

4.2.3 Altoy Exposure at 500°C for 268 hours (Experiment C)

The aim of this exposure was to evaluate the effect of heat treatment
pricr to metal dusting exposure. The heat treatment was conducted in a
vacuum furnace filled with argon. After the heat treatment, the surfaces
of the alloys were a bit dull in calour and that may be attributed to the
heat treatment and reactions within the alloy since the atmosphere was
inert. Figure 4.5 shows the metal wastage of variocus alloys with exposure
time for the as-received and heat-treated conditions, respectively. From
these plots, in general, it can be seen that the onset of metal dusting
occurred after one day of exposure for Alloy B800HT (HT), Alloy 800HT
(ARD) and HR 120 (HT). Alloy 601 (ARD) starts to show metal dusting
after 100 hours (4 days) whereas Alloy 601 (HT) showed metal dusting
after 200 hours (8 days). The early onset of metal dusting can be
attributed to their high iron content and low chromium content. The high

resistance of Alloy 693 and Alloy 690 in either condition can be attributed
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to its high nicket content and high chromium content. The effect of heat-
treatment prior to exposure seemed not to be obvious since the behaviour
is not following any pattern. The microstructures of the alloys after heat-
treatment and before heat-treatment did not show any discernible
difference. In addition, the micro-hardness before heat-treatment and
after heat-treatment was also the same {(see section 4.5). The mass loss
difference between the as-received alloys and heat-treated alloys, as
shown in Figure 4.6, may be due to experimental error. The final value of
mass loss of Alloy BOOHT (HT) is an estimated value as the sample was
not placed back in the furnace due to excessive coking having occurred.
It is interesting to note that Alloy 693 and Alloy 690 in both conditions
were much more resistant than the other alloys to metal dusting, despite
having lost more mass than Alloy 601 (see in Figure 4.6). The higher
mass loss of Alloy 630 and 693 may be attributed to rapid oxidation and
oxide spallation. [n addition, Alloy 601 (HT} and Alloy 601 (ARD) were
both attacked by metal dusting.

Comparing the alioy performance in the as-received condition in
Experiment B and Experiment C after 268 hours, all alioys showed severe
pitting and hence they were attacked by metal dusting except Alloy 693
and Alloy 690, The combination of rapid oxide spallation and
disintegration of the alloys can be attributed to the mass loss abserved, as
shown in Figure 4.7. The mass gain can be due to carbon ingress and
oxidation.
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Figure 4.7: Mass change of different alloys after a total exposure to CO-
H,-H:O gas mixture at 500°C for 268 hours. All alloys are as-received.
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4.3 SURFACE AND MICROSTRUCTURAL ANALYSIS

This section shows the effects of metal dusting corrosion on the surfaces
and on the microstructures of all the exposed alloys., [t is divided into
three categories, viz, severe metal dusting, mild metal dusting and no
metal dusting (absence of metal dusting). Severe metal dusting is when a
sample surface shows uniform wastage and / or wide localized or irregular
pits covering aimost the entire surface of the sample. Mild metal dusting
i= when a sample surface has few pits whereas the absence of metal
dusting is when the sample surface shows no discernible pitting or

wastage,

4.3.1 Severe Metal Dusting Corrosion

Table 4.2 shows all alloys that suffered severe metal dusting corrosion in
experniments A, B and C. Experiment A was conducted at 650°C for 500
hours and experiment B and C were both conducted at 500°C for 268

hours,

Alloys that have suffered severe metal dusting corrosion (Table 4.2)
showed similar features as Alloy 600 (ARD) shown below i Figure 4.8,
and most of the pits have cealesced, giving an appearance of a uniform
wastage. In addition, scme showed erratic pitting. Severe metal dusting
occurred in both the ground (GRD} and as-received (ARD) conditions.
Figure 4.8 shows pitting on the sample surface for alloy GR 309 {(GRD)
and uniform wastage on Alloy 600 [(ARD) in experiment B. The dark areas

are pits and bright or light areas are the unaffected areas.
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Table 4.2: Alloys that showed severe metal dusting for experiments A, B,

and C, in different conditions.

‘ Alloys | Experiment A | ExperimentB ~ Experiment C
| Alloy 600 »  As-received »  As-received No test
i. = Ground » Ground
| GR 309 + As-received e As-received No test
« Ground
253 MA « Ground » Ground No test |
Alloy 214 +  As-received « As-received Mo test
¢ Ground
| HR 160 : No test « As-received No test
Alloy 230 No test v Asreceived | Notest |
Aloy 601 No test i NO test » As-received |
Alloy 800HT ~ Notest No test e As-received
« Heat-treated |
HR 120 4| No test No test « As-received

s Heat-treated
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400

Figure 4.8: Pitting and uniform wastage of GR 309 (ARD) and Alloy 600
{ARD} after 268 hours {11 days) of exposure at 500°C, respeactively. a)
GR 309(ARD), b) Alloy 600 (ARD) and c} Alloy 600 (GRD), all showing

severe pitting.

Alloy 600 {ARD} from experiment B showed erratic pitting after eleven
days as shown in Figure 4.8c. The pits marked by a circle are shown at
higher magnification in Figure 4.9, 5Since oxide film is believed to provide
protaction for the alloy against metais dusting, it seems that where pits
had not developed there was a protective oxide film. However, it appears
that the pits had developed where there was less protection from the
oxide film and the pits coalesced to form wider pits. The metal particles
at the bottom of the pits acted as catalysts for further carbon deposition
which led to the continuation of metal dusting in the pit area as shown in

Figura 4.9 and Figure 4.10. Thus the bottoms of the pits were uneven.

A guantitative anaiysis with EDS was done on the unaffected area marked
“U" and inside the pit (Figure 4.9) to show that there is micro-segregation
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of elements taken place during the metatl dusting process which leaves
certain regions in the metal depleted of other elements. It is not clear
how segregation of these elements took place during the metal dusting
process.. [t was found that the unaffected surface was composed of
17.55 wt% Cr, 8.12 wt% Fe and 73.75 wt% Ni. In contrast, the pit shown
by the arrow was composed of 28 .34 wt% Cr, 8.61 wt% Fe and 58.88
wt%% Ni, It is evident that the surface had a higher content of nickel and
lower content of chromium when compared to the pits. The same
phenomenon was observed for Alloy 600 (ARD) i.e. in the as-received

state, whereby the unaffected areas had higher contents of nickel and

lower chromium contents.

Figure 4.9: Alloy 600 (GRD} with tiny and big pits. The bottoms of the
pits are uneven suggesting a continuation of metal dusting within the

pits.

e UNIVERSITY OF CAPE TOWN



Results 69

Figure 4.10: Pits had coalesced to give an appearance of a uniform
wastage on Alloy 600 (ARD). The bright areas shown by the arrow are
the unaffected area and the dark areas are pits.

253 Ma, GR 309 and Alloy 600 all suffered severe metal dusting in both
the as-received and ground conditions exposed at 650°C for 500 hours (20
daysy. 253 MA (ARD) was badly affected, as shown in Figure 4.11a, 4.11b
and 4.11¢, respectively. In Figure 4.11a and 4.11b, 253 MA {ARD) and
GR 309 (ARD), respectively, had pits which have coalesced with the
neighbouring pits to form wide irregular pits. Loose particles can be seen
at the base of bigger pits suggesting a continuation of metal dusting in the
pit area. Furthermore, Figure 4.11c shows secondary pits within the
primary pits. The secondary pits are white or bright arsas and the
primary pits are dark areas, shown by arrows and the unaffectad area is

marked by a letter “"U".
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Figure 4.11: Pitting of a) 253 MA (ARD), h) GR 309 (ARD} and ¢) Alloy
600 {(ARD) after exposure of 500 hours (20 days) at 650°C in a CO-H:-

H: QO gas mixture.

At 500°C, 253 MA and GR 309 in the as-received condition, suffered
severe metal dusting as compared to the same alloys in the ground state.
The attack was so severe that there was no longer unity between the
grains as shown in Figure 4.12a and 4.12b. Some of grains had been
detached and disledged during the metal dusting process. The grain
boundary attack is more profound in 253 MA (ARD) than in GR 309 (ARD).
The dark or black areas correspond to the missing grains as shown by
arrows, A guantitative EDS analysis revealed that thers was a higher
chromium content {35.49 wt%) in the grains than within the pits (20.93
wit%). GR 309 {GRD) and 253 MA {GRD) showed no discernible grain
boundary attack.
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Figure 4.12: Severe grain boundary attack in a) 253 MA (ARD) and b} GR
309 (ARD) after 20 days of exposure at 5004,

Alloy 214 suffered severe metal dusting in the as-received condion at
650°C for 500 hours and mild corrosion in the ground condition, At 500°C,
Alloy 214 in both the as-received and ground conditions suffered severe
metal dusting. Both Alloy 214 {ARD) and 214 (GRD) showed intensive
carbide precipitation within the grains and along the grains boundaries, as
shown in Figure 4.13a. The bright area in Figure 4.13a is a carburized
zone and it looks grey at higher magnification as shown in Figure 4.13b
in chromium steels and alloys, a typical carburised zone {zone with
internal carbides) appears grey or black after metallographic etching since
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the tiny particles formed at low temperatures are not discernible by optical
microscopy {17]. A carburized zone ranging from 45 to 65 ym wide was
observed in both Alloy 214 (ARD) and 214 (GRD), A jagged surface,
marked by a circle, can be seen in Figure 4.13b at the top edge of the
surface of Alloy 214 (ARD) corresponding to the disintegration of the alloy.
This region 1s shown at higher magnification in Figure 4.13¢c. It shows
small particles embedded in the coke, shown by arrows. These particles

were separated from the parent material during the metal dusting

process.

(B AIEH c

Coke

e

}Aﬂny
f

Gum J

Figure 4.13: Metallographic cross-section of Alloy 214 {ARD) after 500
hours at 650: a) and b) optical microscope photos showing internal

carblde precipitation and a carburized zone (bright area) and c)
Backscattered electron diffraction image of the cross-section showing
coke deposits. Alloys were electro-etched in an oxalic acid.
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The carburized zone was not observed for 253 MA (ARD) and was
cbserved for 253 M4 {GRD). The carburized zone in Figure 4.14a, was
about 20 pym in depth below the surface. Carbide precipitation was
observed, largely along the grain boundaries within and near the
carburized zone. Alloy 601, 800HT and HR 120 showed a carburized zone
in both conditions. A carburized zone was not observed where no pits
developed, as shown in Figure 4.14b. A heavily carburized zone and
intensive carbide precipitation along the grain boundaries and just below
the carburized zone was evident in the heat treated samples in Figures
4.14c-d.

Figure 4.14: Microstructures showing a carburized zone and internal
carburization: a) GR 309 (GRD]}, b} Allay 601 (HT) and c-d) HR 120 (HT).

The samples were electro-etched in oxalic acid which attacks carbides.
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Precipitation of carbides occurs mainly along the grain boundaries and
tends to take the shape of the grain boundaries whereas inclusions are
often small dots or round shape. Thus it would not be difficult to

differentiate between an inclusions and carbides.
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Figure 4.15: Pits on the surface of HR 160 (GRD) and GR 309 (GRD) after
268 hours of exposure at 5300°C and Alloy 214 (GRD) after 500 hours at
650°C: a) HR 160 {GRD), b) GR 3092 (GRD) and c) Alloy 214 (GRD).

alloy 690 (ARD) suffered mild metal dusting since few pits were observed
on its surface as shown in Figure 4.17a. The pits were very small. The pit
marked by a circle is shown at a higher magnification. Secondary pits can
be seen within primary pits as shown by an arrow in Figure 4.17b. EDS
analysis inside the pits revealed that the pits had a higher chromium
content (50.47 wt% Cr) compared to the sample surface (29.22 wt% Cr).
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Figure 4.17: Local pitting of Alloy 690 (ARD) after 268 hours (11 days) at
B00°C. Secondary pits within primary are evident.

Figure 4.18 shows the microstructure of HR 160 and Aloy 230 before
expasure to metal dusting. The alloys were electro-etched in oxalic acid.
The etchant attacks the carbides. HR 160 and Alloy 230 are austenitic
structures with twin boundaries. . Alloy 230 has secondary intra-granular
carbides, After exposure the arain boundaries were attacked and these
micrographs have similar features with micrographs that were observed
by other researchers in the literature who analysed the type of carhides
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nbsarved inside and along the grain soundaries in their samples. Hence

these faatures were assumed to be carbides.

Figure 4.18: Microstructures of HR 160 and Alloy 230 before exposure to
metal dusting: a) HR 160 and b) Alloy 230.

Figure 4.19: Microstructures of HR 160 {GRD) and Alloy 230 {GRD) shows
no evidence of a carburized zone after 268 hours of exposure at 500°C.
Intensive carbide precipitation: aj and b) HR 160 {(GRD)} and c) and d}
Alloy 230 {GRD).
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Figure 4.19 shows no evidence of carburized zone in both HR 160 (GRD)
and alloy 230 (GRD). Intensive carbide precipitation within the grains can
be seen in HR 160 (GRD) as shown in Figures 4,19a-b, Intensive carbide
precipitation within the grains and along the grains can be seen in Alloy
230 {GRD]}.

4.3.3 Absence of Metaf Dusting Corrosion

HR 160 and Alloy 230 in both the as-received and ground conditions did
not show any discernible metal dusting corrosion after 500 hours
exposure to the gas CO-H;-H:OQ mixture at 650°C. Allgy 683 in both the
as-received and heat-treated conditions also did not show any discernible
metal dusting corrosion after 268 hours at 500°C, as shown Figure 4.20.
In addition, alloy 230 {GRD} and Allgy 690 (HT) showed no metal dusting
after 268 hours at 500°C.

EDS analysis on the surface of Alloy 592 (ARD) revealed that the alloy
surface had a nickel content of 54.7 wi% and a chromium content of 35.5
wt%. In contrast, Alloy 693 {HT) had a nickel content of 47.63 wt% and
a chromium content of 40.6 wt%. The high chromium content on the
surface of Alloy 693 suggests that a Cr.0; film had been formed, since no
metal dusting had been observegd and in addition, it is believed Cra(s
provides protection against metal dusting [&,11,17]. Furthermore, the
microstructures also show little or no evidence of carburization since
internal carburization and the carburized zone Is absent as shown in
Figures 4, 20c-d.
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Figure 4.20: Alloy 693 showing no evidence of metal dusting after 268

hours exposure to the CO-H,-H;O gas mixture at 500°C: a) visual
inspection, b} SEM swiface , ) and d) microstructures of Alloy 693 (HT).
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4.4 CHARACTERISTICS OF COKE DEPOSITS

Throughout the experiments, the characteristics of coke deposition did not
differ that much. The most observed forms of coke were coke nodules,
coke protrusions (cones) and carbon plates. The type of coke formed is
not peculiar to a particular type of alloy. Coke protrusions were observed
on 253 MA in both conditions when exposed at 500°C. The characteristics
of coke protrusions are shown in Figure 4.21. They grew from the alloy
surface and tend to bend as they grow. The longest length observed was
about 2 mm. The protrusions tend to intertwine as they grew longer.
After removal of the coke protrusions, deep localised pits were often

abserved. In contrast, after removal of coke plates, uniform wastage was

often observed on the alloy surface.

Figure 4.21: Growing coke protrusions on the sample surface of 253 MA
at 500°C after 196 howrs of exposure. The arrow points to the

protrusions at higher magnification.

Coke nodules were observed on the surface of the ground Alloy 600 after
exposurg at 500°C for 72 hours, whereas carbon plates and protrusions
are observed on this alloy in the as-received state. The nodules were
randomly dispersed on the alloy surface as shown in Figure 4.22, After

removal of the coke nodules, localised pits were often observed.
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Generally, the amount of coke deposit on grounded alloys was small when
compared to the as-received ailloys. A multiplicity of carbon plates were

observed mostly on the as-received alloys.

Magrified 2.5X

Figure 4.22: Coke nodules on the sample surface of Alloy 600 after
exposurg at 500°C for 72 hours.

Carbon piates seemed to form more often and rapidly at 500°C than at
650°C. Carbon plates observed on the sample surface of alloys GR 309 at
OO after 196 hours, are shown in Figure 4.23, The measured
thickness of these plates was in the range of 3 to & mm. The carbon
plates consisted of graphite filaments and metal particies. The formation
of metai particles in the coke resulted from the disintegration of the alloys
due to metal dusting. The coke deposits were examined by SEM and were
found to consist of tangled graphite filaments. A typicai metal dusting
coke consists of graphite and metallic particles. EDS analysis of coke
revealed that it consists of 97.5-99.4 wt% C and other elements

depending on the alloy composition, as shown in Figure 4.24.
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400um

Figure 4.23: Carbon plates observed on GR 309 {ARD) afier 196 hours
exposure at 500°C in a CO-H,-H,D atmosphere.
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Figure 4.24; Typical ED5 analysis of metal dusting coke. The table inset
shows the range of elements found in the coke. Elements below 1% are
deemed not accurate and hence sulphur and iron detection within the
coke is not accurate.
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The carbon plates were observed on most of the alloys with high iron
content. Carbon plates grew on the surface of the high iron content HR
120 (HT). The carbon plates cbserved on HR 120 (HT) are shown in
Figure 4.25. The plates (Figure 4.25a) are made up of tangled graphite
filaments as shown in Figure 4.25b-¢. Metallic particles can be seen at the
tip and afong the length of the filaments (Figure 4.25¢). The small
amount and size of the metallic particles in the coke limit the accuracy of
the detection for elemental analysis due to the overwhelming coke matrix
effect, However, the chemical composition of the particles embedded at
the tip of graphite filaments were analysed by EDS attached to SEM. The
particles are shown in Figure 4.25¢. EDS spot analysis revealed that the
particles were composed of 84.71 wt% C, 2.09 wt% Ni, and 12.59 wt%
Fe, as shown in Figure 4.26.

Figure 4.25: Carbon plates: a) multiple layers of carbon plates, h)

filamentous graphite, ¢) filamentous graphite at higher magnification,
and d} metal particles at the end of graphite filaments (Backscattered
diffraction Images).
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Figure 4.26: EDS spot analysis of metallic particles obtained from HR 120
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4.5 HARDNESS MEASUREMENTS

The micro-hardness after exposure to a carburizing atmosphere was
expected to be higher at the surface that in the bulk material. A typical
micro-hardness profile after metal dusting exposure is shown in Figure
4 27a. The micro-hardness of the 253 MA before exposure and after
exposure in both the as-received and ground conditions was plotted on
the same graph. The load used was 100gf and the average value of
between 6 to 9 indentations was recorded. The error bars indicate the
scatter of values arcund the average value. In Figure 4.27, it can be seen
that the micro-hardness value near the surface is higher for both the
exposed as-received and ground conditions when compared to the
unexposed 253 MA sample. In addition, the hardness is also higher near
the surface as compared to the bulk material at about 2.5 mm from the
surface.
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Figure 4.27a: Plots of measurad hardness profile on the cross-section of
expased and unexposed Allay 253 MA.
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Since all other alloys showed similar micro-hardiness profile patterns, only
the micro-hardness near the surface (at a depth of about 45 pm} and in
the bulk material {about 2.5 mm) are compared and presented. The
density of carbide precipitation increases near the surface and then
decreases with increasing distance below the surface. Most of the alloys
that showed severe metal dusting at 650"C had the highest hardnass near
the surface due to carbide precipitation, dissolved carbon and a carburized
zone near the surface (Figure 4.28). HR 160 and Alloy 230, which showed
no metal dusting, had similar hardness values in the unexposed and
exposed ground conditions. Simitar hardness values were recorded for
alfoys 253MA, GR 309 and alloys 214 after exposure in both the as-
received and ground conditions. In the bulk, the micro-hardness of alloys
253 MA, GR 309 and alloy 230 are higher after exposure than in the
corresponding unexposed alloys (Figure 4.29). These alloys showed

severe metal dusting or extensive carbide precipitation.

Mire-hardhie a9 mear the surfoce o 85070

Figure 4.28: Vickers hardness near the surace for all exposed alloys at
650°C for 500 hours near the surface. Error bars represent the maximum
and minimum values. Legend: solid = unexposed; stripes = as-received;

chequered = ground surface.
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Figure 4.29; The bulk Vickers hardness for alloys exposed at 650°C for
500 hours. Legend: solid = unexposed; stripes = as-received; chequered

= ground surface,

For the exposure experiments carried out at 500°C, all the afloys showed
fower hardness values in both the as-received and with a ground surface
when exposed to a CO-H;-H.Q gas when compared to the tests performed
at 650°C, for hardness indents taken near the surface and in the bulk {see
Figures 4.30 and 4.31). The only exception appeared to be alloy 600,
which had simitar hardness values in the bulk after exposure for all three
conditions as shown in Figure 4,31, Furthermore, whereas the hardness
vatues in the near surface areas increased for all the alloys at 650°C, at
500°C the results showed that the alloys either increased, decreased or
remained the same for the ground and as-received cases. These
phenomena will be discussed on an individual alloy basis and depends on
alloy content and test temperature. A closer examination of the data in
Figure 4. 20 reveals the hardness values were the same for alloys 600,
230 and HR 160. Alloys 253 MA and alloy 214 showed an increase in
hardness of the exposed samples. Alloy GR 302 was somewhat of an
angmaly because the as-received sample was much harder than the
ground sample after exposure (Figure 4.20). The hardness values for all
the alloys were either similar or lower in the bulk when compared to the
near surface, at S00°C. If we examine the data in Figure 4.31 closely, it is
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observad that the hardness values in the bulk at a depth of 2.5 mm are
similar for the three different conditions, 1t does appear though that there
are two anomaties. In alloy HR 160, the ground sample was tower than

the unexposed sample, whereas the opposite was true for GR 309,
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Figure 4.30: Vickers hardness naar the surface for all exposed alloys at
500°C for 268 hours in the near the surface. Legend: solid = unexposed:
stripes = as-received; chequered = ground surface.
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Figure 4.31: Vickers hardness in the bulk for all exposed alloys at 500°C
for 268 hours in the bulk. Legend: solid = unexposed; stripes = as-

received; chequered = ground surface.
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In the exposure experiment C at 500°C, the hardness values for all the
exposed alloys near the surface and in the bulk in both the as-received
and heat-treated conditions were the same when compared to the
corresponding unexposed alloys (Figures 4.32 and 4.33). Furthermaore,
the hardness for all the exposed alloys in as-received and heat-treated
conditions near the surface showed higher or at least similar hardness
values when compared to the bulk at a depth of 2.5 mm.
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Figure 4.32: Vickers hardness near the surface for all exposed alloys at
500°C for 268 hours near the surface. legend: solid = unexposed:

stripes = as-received; diamonds = heat-treated.
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Figure 4.33: Vickers hardness in the bulk for all exposed alloys at 500°C
for 268 hours in the bulk. Legend: solid = unexposed; stripes = as-

received; diamonds = heat-treated.

4.6 REPRODUCIBITY TESTING

Feproducibility tests were conducted on three alloys and the results
superimposed on the original tests for comparison as shown in Figure 4.34
and Figure 4.35. The duration of the reproducibility tests was taken for
186 hours. The shapes of the reproduability graphs were similar to that
of the original test for each of the three alloys that were examined. The
measured percentage errors of mass loss after 196 hours for all selected
glloys are shown in Table 4.4, The percentage errors for the
reproducibility in Table 4.4 were found to be lower than 0.5%. Thus the

experiments were deemed to be reproducible.

The samples were placed in specific positions inside the reaction chamber
for the original tests at 500¢C. The reproducibility tests were only
conducted at 500°2C. In this test the sample were placed in different
positions. 5ince the results were then found to be similar, the position of
the samples inside the reaction chamber did not affect the deposition of

carbor.
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Figure 4.34: Mass change vs. time for reproducibility of selected alloys
imposed on the first test at 500°C for 196 hours. Square points =
Reproducibility test and Open circle = First test.
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Figure £.35 : Mass change vs. time for reproducibility of selected alloys
imposed on the first test at 500°C for 196 hours. Sguare points =
Reproducibility test and Open circle = First test.
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Table 4.2: Percentage error of the selected alloys after 196 hours of
exposure in CO-H,0-H; environment at 500°C.
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CHAPTER FIVE

DISCUSSION

From the results presented, it is apparent that the resistance of the alloys
to metal dusting depends on the alloy’s ability to form a protective
chromium scale and to replenish it continuously. Metal dusting, which is
the disintegration of the substrate into fine particles of carbon and metal,
was induced on a selection of alloys containing various levels of chrome,
iron and nickel at temperatures of between 500°C and 650°C in a flowing
CO-H»-H,0 atmosphere. The resistance of alloys to metal dusting is
affected by the alloy composition, its surface properties, the temperature
and the carbon activity of the environment [11, 13, 33, 37, 41, 54]. The
results presented here, compares well with work done by other
researchers on iron and nickel-based alloys. It was shown that metal
dusting can successfully be simulated in the laboratory in a rig that was
refurbished as part of this project. In addition, the rate of the sample
mass loss of each alloy type was consistent and the corrosion products
“coke” further attest that the rig is able to produce a consistent severe
metal dusting environment. The rig is capable of operating uninterrupted
for a week of simulation.

5.1 EFFECT OF INDIVIDUAL ALLOYING ELEMENTS AND
SURFACE FINISH

The competition between the oxidation process to form a protective
continuous oxide scale such as aluminium dioxide (Al,O3), silicon dioxide
(Si0,), and chromium oxide (Cr,03) on a given alloy surface and
carburization will determine the onset for metal dusting attack. In order
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for the oxidation to prevail, the selective oxidation oxide forming elements
and formation of an oxide scale should be enhanced. The formation of an
oxide scale is affected by the level of the oxide forming elements and the
diffusion path available. In principle, chromia should be selectively
oxidized from the alloy to form a Cr,0s external scale to prevent the
ingress of carbon into the alloy and subsequent internal precipitation of
carbides and super saturation of the alloy matrix by carbon. The growth
of the Cry0Os; scale was enhanced by fast diffusion paths that were
introduced by grinding the alloy surfaces. However, whether metal
dusting is going to occur, depends on defects in the oxide scale and
whether the oxide scale Is repaired before nucleation of graphite. The
repair of the oxide scale depends on the level of the oxide forming
elements. These factors are discussed below in relation to the metal
dusting tests carried out between temperatures of 500°C and 650°C.

5.1.1 Alloy Exposures at 650°C (Experiment A)

Most of the alloys in as-received (ARD) condition showed severe metal
dusting and rapid and significant mass loss during the exposure period.
The high nickel content alloys, Alloy 600 and Alloy 214, in particular, were
strongly attacked. These alloys had high nickel contents of above 70%.
An alloy containing a high nickel content is said to provide better
resistance to carburization since the carbon solubility and diffusivity
decreases with increasing Ni-content [6]. Their poor behaviour is
attributed to the fact that they had relatively low chrome levels of about
15%. The Cr content of these alloys was considered to be too low to form
a protective continuous oxide scale. The Cr:Ni ratio increased from about
0.24 to 0.48 (i.e. doubled) from the bulk to within the pits, indicating the
level of migration of chrome during the exposure time. Alloying additions
of aluminium and silicon is said to enhance the resistance to metal
dusting. It is interesting to note that even though Alloy 214 had a
relatively high aluminium content of about 6 wt %, and thus the ability to
form an AlO; scale, it still suffered severe attack.
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A lack of elements such as tungsten and molybdenum in both Alloy 600
and Alloy 214 resulted in the Cr being tied up in chromium rich carbides
such as M»3Cs, M3C;y, and M;C;. Hence the formed chromium rich carbides
lead to the depletion of Cr in the alloy matrix. The depletion of Cr reduced
the capability of the alloy to form a protective oxide scale to suppress the
diffusion of carbon into the alloy. Tungsten and molybdenum are strong
carbides formers and would form carbides with carbon instead of only Cr
forming carbides. The improved resistance of the ground vs. the as-
received alloys can be attributed fact that surface grinding of these alloys
increases the diffusion paths in the alloys for Cr to form a protective oxide
scale.

Alloys 253 MA and GR 309 have nickel contents of about 11-12%. These
two alloys also exhibited severe metal dusting in both the as-received and
ground conditions. This poor resistance can be attributed to their high
iron contents of about 65% which increased the solubility and diffusivity of
carbon. These two alloys did, however, perform better than the two high
nickel-content alloys discussed above, and this can attributed to their
higher Cr contents of about 18% and 21% for 253 MA and GR 309,
respectively. Previous research has found that high Cr ferritic steels are
very resistant whereas ferritic steels with 12-13% Cr were less resistant
[11]. These alloys are austenitic steels which have lower diffusivities than
ferritic steels and thus are expected to have low Cr diffusion rates [8].

HR 160 and Alloy 230 showed much greater resistance to metal dusting
especially when they were ground. This resistance can be attributed to
the high levels of nickel and chrome coupled with a low iron content (~
2%). The better resistance of the ground alloys is due to an increased
density of dislocations in the alloy subsurface regions. This enhanced the
Cr diffusion and hence the formation of a continuous Cr;0; scale. Since
the iron content was very low, the diffusion rate of carbon was
significantly reduced and unstable cementite was not going to be formed.
The presence of Si (1.32 wt %) and high Co (32.6 wt %) as carbide
formers in HR 160 improved the metal dusting resistance. Cr in
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conjunction with Si formed a protective oxide scale to protect the alloy.
Consequently Cr was not tied up in My3Cs, M3C;, and M;C; carbides. The
excellent resistance of Alloy 230 can be attributed to the presence of a
strong carbide former, tungsten. It had a high W (17.23 wt %) content
which formed carbides with carbon and Cr was spared. Without this
element, only Cr-rich carbides would form. Cr.0; was formed otherwise
the alloy could have suffered metal dusting attack. In addition, it had a
very low Fe (1.91 wt %) content. Hence carbon solubility and diffusivity
was reduced. Generally, the rate of mass loss or wastage was high for all
alloys with high a Fe content and low Cr content.

The metallographic cross-sections of the alloys which were severely
attacked by metal dusting showed an intemally carburized zone and
intensive grain boundary attack extending beneath the carburized zone.
Internal carbide precipitation happened as result of the failure of an oxide
scale to provide a barrier against carbon ingress. Failure of an oxide scale
was due to an insufficient supply of Cr to maintain the oxide scale. In
addition, carbon may gain access to the alloy surface where the oxide has
failed due to inclusions or defects.

The micro-hardness near the surface in the alloys which were severely
attacked by metal dusting was very high. In contrast, the hardness
values at a distance of about 0.5 mm from the first indent near the
surface were found to be much lower and seemed to remain at this level.
Further into the alloy cross-section, the hardness values were fluctuating
but were not close to the hardness values observed near the surface. The
high micro-hardness values measured near the surface are attributed to
the carbide precipitation and growth. The process of carbide precipitation
and growth occurs as carbon diffuses into the alloys. Thus the average
distance between carbides and their sizes increases as the distance from
the surface increases. Hardness is a measure of the resistance to
deformation when a loaded indenter is forced to penetrate the surface of
the alloy during the test. The penetration of the indenter leads to a local
deformation which is both plastic and elastic. Since deformation is due to
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the motion of dislocations, grain boundaries, carbides within the grains
and along the grains would impede the movement of dislocations.
Consequently the restriction of the dislocation motion makes the material
stronger. Hence the hardness increases. The metallographic cross-
section of HR 160 in the as-received condition showed a carburized zone
just below the surface whereas no carburized zone was observed for the
ground condition. This resulted in a higher hardness for the as-received
material. Metal dusting pits observed in these exposure series had often
coalesced to form wide irregular pits. At the bottom of the pit, tiny loose
metallic particles were often observed. Secondary pits were often
observed within the primary pits. Consequently, the pits grew faster and
deeper. This suggests, that once the metal dusting process has begun, it
will continue until the material is removed from the corrosive
environment. The tiny particles also suggests that after disintegration of
the metal matrix, carbon continues to dissolve in the small metal
fragments and the subsequent nucleation of graphite leads the
disintegration of the metal fragments to even smaller fragments. This
process seems continues until carbon cannot be dissolved in the tiny
fragments.

5.1.2 Alloy Exposures at 500°C (Experiment B and C)

At 500°C all the alloys showed a shorter incubation period prior to metal
dusting when compared to experiments conducted at 650°C. Only the
ground alloys of HR 160 and Alloy 230 showed good resistance. This
phenomenon can be attributed to the relatively good combination of
chrome and nickel and low iron content in addition to carbide formers
such as cobalt and tungsten and oxide formers such as silicon and
aluminium. The ground surface increased their diffusivity path by cold
work which provided a high vacancy concentration where the lattice is
more open and substitutional diffusion is enhanced. The increased rapid
diffusion paths have a small effect on the ingress of carbon since there
was already a high probability of empty neighbouring interstitial sites to
move through the alloys.
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As shown in section 4.3, all alloys that had a carburized zone and
intensive carbide precipitation had suffered severe to mild metal dusting
attack. Alloys which did not have a carburized zone suffered mild or no
attack, as was observed at 650°C. The micro-hardness near the surface
was high for alloys with a carburized zone. The high hardness values
proved that carbon was supersaturated near the surface and there was a
precipitation hardening process due to carbide precipitation and growth.
The micro-hardness values of all the alloys were lower in the experiments
conducted at 500°C compared to those conducted at 650°C. This was
attributed to temperature and exposure time and hence a decreased
concentration of carbides due to the faster diffusion of carbon at higher
temperature.

The values of the partial pressure of oxygen were much higher than the
values of the equilibrium oxygen partial pressure at 650°C and 500°C.
Hence the alloys were oxidized. However, the value of the partial
pressure of oxygen at 500°C was very low when compared to the value of
the partial pressure of oxygen at 650°C. Thus the oxidation process at
650°C was more rapid than at 500°C. Consequently, the oxide film was
not formed rapidly to protect the alloy against carbon ingress and hence
the alloys were attacked within a short period when compared to alloys at
650°C.

Most of the pits had coalesced to form wide irregular pits. The pits
developed from where the oxide scale had failed. It seems that the area
where the oxide had failed was never repaired because of insufficient and
slow supply of Cr to form a protective scale. Thus the deposition of
carbon and super saturation of the alloy matrix process superseded the
oxidation process. The metal dusting process continued inside the pits and
consequently the pits coalesced.

Szakalos et al suggested that there is seldom only one metal dusting
mechanism operating on steels or nickel-based alloys [25,42]. As
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described in literature in Chapter Two, there are four types of metal
dusting mechanisms. The metallic particles observed at the bottom of the
pits and coalescing of pits suggested that the metal dusting did continue
inside the pits. Thus it is likely that more than one metal dusting
mechanism had occurred. Alloy 600, Alloy 230, and Alloy 214 are nickel-
based alloys and loose metallic particles were observed inside their pits.
These metallic particies had high contents of nickel (73 -~ 92 wt %) and
very low content of other elements. The metallic particles observed at the
bottom of the pits may have formed as a result of the continuous
fragmentation of nickel particles by graphitization. This phenomenon
suggests that Type IV- mechanism may have been involved, although the
Type IV- mechanism does not occur alone.

One of the two types of metal dusting mechanisms such as Type 11 and III
could have started the process of dusting. Since Alloy 600, Alloy 230 and
Alloy 214 are nickel-based alloys, it is likely that Type II- mechanism has
occurred. Type II involves the disintegration of the carbon super
saturated phase by internal graphitization. Inside the pits on the sample
surface of HR 160 (ARD), the Cr level was higher than at the unaffected
surface, suggesting that the products within the pits could have been
made up of Cr-carbides or/and oxide. Thus it is likely that Type II and III
occurred at same time. The HR 160 (GRD) surface had a higher Cr
content than in the pits, suggesting that the Cr.0; was protecting the
alloy. Thus HR 160 (GRD) had a better resistance to metal dusting than
other alloys except Alloy 230 (GRD).

GR 309 (ARD) and 253 (ARD) had suffered severe metal dusting and
severe grain boundary attack. It is well known that austenitic steels are
susceptible to inter-granular corrosion at temperatures of between 425-
815°C and Cr-carbides (mainly Cry3Cs) precipitates at the grain
boundaries, depleting the grain boundary and nearby structures of Cr. Cr
reacts with carbon within the steel matrix to form CryCs. The formation
of Cr,3Cs may have occurred when the steels were heated to the test
temperature at 500°C in each cycle during the exposure.
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Precipitation of carbides at the grain boundaries impedes the outward
diffusion of Cr to the surface to form a Cr,0; scale since the diffusion of Cr
is slower in the bulk material than at the grain boundaries. An unlimited
influx of carbon from the environment precipitated more carbide. Hence
more Cr is tied up in the carbides and the depletion increases at the grain
boundaries. T his severe metal dusting and grain boundary attack was
observed by Maier et al on Type 304 after 180 hours [9]. The type of
meat dusting mechanism that have occurred on GR 309 and 253 MA was
Type 1, whereby the formation and decomposition of metastable cementite
leads to the disintegration of the alloy into metallic iron particles and
graphite.

High nickel-contents are ideal since the carbon solubility and diffusivity
decreases with increasing Ni-content. However, Grabke et a/ found that
alloys with about 30 wt % Ni were attacked more rapidly and effectively
than alloys with 20 wt % Ni [54]. In this study, Alloys 601, 800HT, 690,
693, and HR 120 had much higher mass losses for the all alloys than in
experiments A and B. The rapid mass loss of Alloys 800HT and HR 120
can be attributed to their low Cr-content. A low Cr-content was not
sufficient to rapidly form and repair the oxide film against carbon which
lead to metal dusting attack. In addition, the mass loss can be attributed
to the fact that they were severely attacked by metal dusting (pitting).

Metallographic cross-sections attested that metal dusting had occurred in
Alloy 800HT and HR120 since carburized zone and intensive carbide
precipitation were observed below the pits. Alloy 800HT (ARD) suffered
uniform wastage. Alloy 800HT (HT) suffered both uniform wastage and
local pitting. The onset of metal dusting is rapid for alloys with high Fe-
content and relatively low Cr-contents. The type of metal dusting
mechanism that occurred in Alloys 800HT and HR 120 is likely to be Type
I, since they were iron-based alloys. Alloy 601 showed better resistance
to metal dusting than Alloy 800HT despite having the same Cr-content. A
high nickel-content, low iron content, and a relatively high aluminium
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proved to be beneficial for the resistance of metal dusting of Alloy 601. It
has been shown before that Cr in conjunction with a relatively high
aluminium content enhances the metal dusting resistance of alloys [33].

The rapid mass loss of Alloy 690 (ARD) can be attributed to the small pits
observed on its surface and low Cr (17.2 wt %). Low Cr contents lead to
oxide spallation. In contrast, Alloy 690 (HT) also lost mass rapidly but did
not suffer any discernible metal dusting attack. Alloy 693 (ARD) and Alloy
693 (HT) showed greater resistance to metal dusting. This is attributed to
the high Cr (29.68 wt %) in conjunction with a relatively high Al (1.45 wt
%) content. In addition, the resistance was enhanced due to the very low
solubility of carbon in Ni (68.9 wt %) and low Fe (4.3 wt %) content. The
metallographic cross-sections showed negligible carburization.  This
means that the protective oxide scale was formed. High Cr (29.68 wt %)
was enough to resist excessive oxidation. Despite its high Cr content,
oxide scale spallation is likely to have caused high mass loss.

Comparing the heat treated alloys with the alloys that were not heat
treated showed no general consistent pattern. Only HR 120 (ARD) and HR
120 (HT) showed a consistent pattern, HR 120 (ARD) performed better
than HR 120 (HT). After heat treatment, the grain size of all alloys did
not change. This implies that the heat treatment temperature (850°C)
was below the recrystallization temperature of the alloys. The only
consistent pattern observed was that alloys with more than 60% wt of
nickel showed negligible mass loss for 196 hours and suddenly lost
significant mass in the last 72 hours of the exposure.

Mass loss can only be caused by disintegration of the alloys or excessive
oxidation. Since disintegration of the alioy was not observed in Alloy 690
(ARD) and Alloy 693 in both conditions (heat treated and as-received), it
is possible that oxide spallation occurred rapidly after 196 hours and is
therefore responsible for mass loss. From this limited exposure series,
the influence of heat treatment at 850°C prior to metal dusting is not
evident, even though where direct comparison have been possible, there
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was some evidence that metal dusting can be more severe, especially for
alloys with more than 30 wt % of Fe. It is suggested that more
experiments should be conducted to investigate the effect of heat
treatment prior to metal dusting exposure and that the heat treatments
should not induce grain refinement or growth.

5.2 EFFECTS OF TEMPERATURE AND CARBON ACTIVITY
OF THE ATMOSPHERE

In the second exposure series at 500°C, all the alloys were attacked after
a shorter time than at 650°C. Carbon deposits and plates grew on the
sample surface more rapidly than at 650°C, except for alloys HR 160 and
Alioy 230. Rapid mass loss occurred after 4 days of exposure. Nishiyama
et al suggested that the carbon activity (ac) and oxygen potential (F, )

must be considered as an index to represent the metal dusting propensity
in the gas atmosphere [16]. In addition, the F, has an influence on the

formation of the Cr.0; scale which provides protection against metal
dusting. The ac and P, at 650°C was 16 and 5.05 x10% atm,

respectively, whereas the ac and P, at 500°C was 500 and 1.96 x10™

atm, respectively. The ac at 500°C was about thirty times more and the
F, was five orders of magnitude less than at 650°C. This resulted in

graphite forming within a shorter time and the oxide formation was
negatively affected by a very low oxygen potential pressure. The oxide
forming elements could not be oxidized readily due to the lower oxygen
potential. Subsequently, the formation of the protective oxide scale was
compromised.

In addition to the factors that accelerated the attack at 500°C, at lower
temperatures, the diffusion coefficient of Cr is lower. Two diffusion
processes takes place during metal dusting exposure. Firstly, the
diffusion of carbon into the alloy to precipitate carbides and possibly to
supersaturate the alloy matrix. Secondly, the diffusion of Cr to the
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surface to form a protective oxide scale. Cr is a substitutional solute
atom, requiring the presence of vacancies for diffusion and carbon is an
interstitial solute atom and requires interstitial sites for diffusion. Thus at
low temperatures, the diffusion coefficient of Cr is low and cannot be
supplied rapidly to the surface to protect the alloy with Cr.0s. However,
the diffusion of carbon is insignificantly affected by low temperature in this
instance since interstitial sites are always present in metals.

5.3 COKE FORMATION

Three types of coke have been observed in this study, carbon plates, coke
protrusions and coke nodules. Due to the limitation of this project, a
detailed analysis of the corrosion products and carbides formed could not
be carried out. However, the physical appearances of the coke deposits
were different in shape and size but had similar structures at a
microscopic level. The microscopic structure consisted of graphite
filaments with metallic particles. The particles found in the corrosion
product demonstrate that the metal dusting process had occurred and is
the mechanism responsible for the disintegration and wastage of the
alloys and steels tested.

54 MEASUREMENT OF THE RESISTANCE TO METAL
DUSTING

From the results presented, it is interesting to note that the most resistant
alloys (viz. Alloy 690 and 693) to metal dusting had higher mass loss than
alloys that were severely attacked by metal dusting. These alloys lost
mass more than three times as compared to the alloys that were severely
attacked by metal dusting at 650°C for 500 hours. In addition, both Alloy
690 and 693 lost more mass than Alloy 601 at 500°C for 268 hours which
was severely metal dusted. HR 120 which also suffered severe metal
dusting lost less mass when compared to the metal dusting resistant Alloy
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693. It seems that this phenomenon has not been reported in the metal
dusting literature. It is well known that chromium oxide provide
protection against metal dusting and since Alloy 690 and 693 had a
considerable high amount of chromium. Thus the resistance of these
alloys can only be attributed to the formation of the chromium oxide film
even though the mass loss suggest otherwise. In addition, the mass loss
maybe attributed to excessive oxidation and spallation. However the
mass loss of the alloys that suffered severe metal dusting is attributed to
pitting. The mass loss of Alloy 690 and 693 can not be attributed to pitting
as they did not show any discernible pits. It is therefore concluded that
the mass loss/gain is unreliable to be used as a measure of the resistance
to metal dusting corrosion.

5.5 MECHANISMS OF METAL DUSTING

Carbon from the reaction gas mixture CO-H»~-H,0 is absorbed as follows;
CO + H, = H0 + C (dissolved)

and diffuses into the alloy. Comparing the SEM micrograph of the cross-
section of an alloy, as shown in Figure 5.1, with the sketches in Figure
5.2, it seems that during the metal dusting exposure, carbon diffuses
through the interstitial sites and grain boundaries. Then, after some time
carbon is transformed into graphite. The formation of graphite in the
interstitial sites and along the grain boundaries separates the metal
matrix. The metal particles generated from the disintegration of the iron-
nickel matrix would acts as a catalyst for further carbon deposition from
the CO-H,-H.0 gas mixture leading to more fragmentation of the particles.
Hence the coke consists of graphite and the sub micron particles as shown
in Figure 5.1. These mechanisms would apply for nickel-based alloys. For
iron-based alloys, the mechanism is slightly different since unstable
carbides are formed. Subsequent formation of graphite on the cementite
renders it to be unstable and decomposes into metallic particles and
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graphite as suggested by Grabke et af and other researchers [8, 17, 27,
28, 39, 40, 44-46].
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Figure 5.1: Metal dusting of Alloy 214. Metal particles are embedded in

the coke.
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Figure 5.2: The process of metal dusting and carbon filament formation
in nickel- and iron-based alloys [ 24, 67].
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55 SUMMARY

From the results and discussion presented, it is apparent that metal
dusting is affected by oxidation, carburization and temperature. Oxidation
is affected by the level of Cr, microstructure of the alloy, oxide spallation,
and surface finish. Oxidation processes in the Ni-Fe-Cr alloys leads to the
formation of Cr.0s; on the surface of the alloys to protect it against carbon
ingress.

Defects on the oxide scale and/or oxide spallation provide access for
carbon to diffuse into the alloy. When the oxide scale fails, protection
against carbon is hindered. The protection can only be retained if the
oxide scale is self-repairing. Self-repairing is promoted only if sufficient
Cr remains high at the alloy surface. If the alloy surface is depleted of Cr,
reparation of the Cr;0; would not occur. A Cr diffusion coefficient is
higher in ferritic lattices than in austenitic lattices. Thus Cr will diffuse
faster in ferritic alloys than in austenitic alloys. Cr will be supplied at
lower rates in the case of austenitic alloys and hence Cr,03 would not form
readily and continuously as it was the case in the poor resistance showed
by Alloy 600. Ferritic alloys such as GR 309 and 253 MA showed better
resistance than Alloy 600 and Alloy 214, which has an austenitic structure.

Carburization is affected by oxide scale formation which forms a barrier
for further carbon ingress and addition of strong carbides formers which
reduces the dissolved carbon. In addition, carburization is also affected
by elements that reduce the solubility and diffusivity of carbon, such as
high nickel content. The formation of carbides such as titanium,
molybdenum and tungsten carbides consumes dissolved carbon and thus
sufficient Cr would be available to form a protective oxide scale. All alloys
that were ground in this project showed greater resistance to metal
dusting compared to the corresponding as-received alioys with perhaps
the exception of alloy 253 MA. This phenomenon is attributed to the
increased dislocation density which provided a high vacancy concentration
for Cr to diffuse faster to the surface to form a protective oxide scale.
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This mechanism was not available for the alloys in the as-received
condition. Hence the onset of metal dusting occurred earlier than for the
corresponding ground alloys.

Alloy 230 and HR 160 showed better resistance at 650°C due to the
combination of oxide forming elements, strong carbides forming elements,
low Fe content, and increased diffusion paths for Cr by grinding. The
most resistant alloys were Alloy 690 and Alloy 693. The latter did not
show any discernible metal dusting attack because of its good combination
of high Cr and high Ni content. As far as the temperature is concern,
metal dusting becomes more aggressive at low temperatures. The
oxygen partial pressure at 500°C was 1.96 X107! atm whereas at 650°C it
was 5.05 X102 atm. Thus, at 500°C, the oxidation process is affected
and becomes sluggish. In addition the oxide scale is not readily formed
especially for alloys with a low Cr content. The carbon activity was aiso
affected by temperature since it was very high at 500°C and low at
650°C. Thus a high carbon activity promoted the early carbon deposition
on the alloy surface and at the same time oxidation was hindered at low
temperature. There was a subtle difference in the onset of metal dusting
for all alloys in both conditions. The effect of the present heat treatment
did not affect the resistance of the tested alloys to metal dusting.

The shapes of the reproducibility graphs were similar to that of the
original test for each of the alloys examined as shown in Figure 4.3 and
4.5 up to 196 hours. The percentage error between the mass change of
the original tests and reproducibility tests after 196 hours was very low. A
percentage error less than 10% is considered acceptable for long time
exposure. Since the percentage error was below 10%, the results are
deemed to be reproducible and the simulation rig is able to produce
constant severe metal dusting environment.

The present study has demonstrated that high chromium Alloy 693 had
much better resistance than low chromium alloys such as Alloy 600.
However, high mass loss of Alloy 693, 690 and GR 309 showed that the

e UNIVERSITY OF CAPE TOWN



Discussion 110

severity of metal dusting cannot only be based on the weight loss.
Surface analysis is the most accurate way of measuring the severity of
metal dusting. Most alloys showed severe pitting with little mass loss and
some less pitting with high mass loss as it was the case for Alloy 693 and
690. For this study, comparing the depth penetration from the sample
cross-section with the mass change proofed fruitless as no relationship
was found and these behaviour can be attributed to narrow and small size
of the pits on the surface of the alloys. Thus, the present study has shown
that the weight loss/gain is unreliable as a measure of the resistance to
metal dusting corrosion. Considering the complex nature of metal
dusting, it is of importance to note that metal dusting is governed by
oxidation and carburization. Oxidation of ternary alloys is very
complicated to understand and it is strongly recommended that the
oxidation resistance of Alloy 693 and 690 be tested since the observed
mass loss is attributed to oxide spallation.
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CHAPTER SIX

CONCLUSIONS

Commercial alloys of ferritic and austenitic structures have been exposed

to severe carburizing gas mixture at 500°C and 650°C in order to
evaluate factors that affect the resistance to metal dusting. Tests were
carried out on samples as-received, prepared with a ground surface or

heat treated at 850°C for one hour. The exposure times ranged from 268

to 500 hours in a CO-H,-H>0 gas mixture under a pressure of 1.2 atm and
carbon activity of between 16 and 500. The following conclusions are

drawn:

The simulation rig is able to produce a severe and consistent metal
dusting environment.

Surface treatment by grinding had a strong effect in promoting the
resistance to metal dusting.

The test temperature, carbon activity, and oxygen potential of the
gas atmosphere has an influence on propensity of metal dusting.
The composition of the alloys, particularly those with oxides forming
elements such as Cr, Si, and Al can provide protection against
metal dusting. In addition, carbide forming elements such as
tungsten and molybdenum does enhance the resistance to metal
dusting.

Oxidation of alloys can suppress carburization and metal dusting by
the formation of a protective oxide scale which is favoured by with
a high Cr (>25 wt %) and surface deformation.

Metal dusting started from local defects In the oxide film.

Coking and metal dusting were two processes that promote each
other.
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From this limited exposure series, the influence of the present heat
treatment which did not alter the microstructure or mechanical
properties did not affect the metal’s resistance to metal dusting.
The most susceptible alloys to metal dusting were GR 309, 253 MA,
Alloy 600, HR 120, Alloy 601, and Alloy 214 - .these were had
either low chrome and / or high iron contents.

Alloys that showed considerable resistance to metal dusting were
HR 160 and Alloy 230 at 650°C. These alloys had very low iron
contents and had carbide forming elements.

The alloy that had the worst resistance to metal dusting was Alloy
800HT. This alloys had a relatively high iron content and no
carbide formers.

The alloys that showed the highest resistance to metal dusting was
Alloy 690 and Alloy 693, but Alloy 693 offered better resistance
than Alloy 690 due to its high Cr content, high nickel and low iron
and oxide forming elements, aluminium and silicon.

Mass loss/gain is unreliable as a measure of the resistance to metal
dusting as shown by Alloy 690 and 693.

In principle, any material that can dissolve carbon and form
carbides will be susceptible to metal dusting.
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CHAPTER SEVEN

RECOMMENDATIONS FOR FUTURE WORK

The following further areas of research are recommended:

e Evaluation of the resistance of metal dusting to alloys containing
copper, since solubility of carbon in copper is thought to be
extremely slow and to be non catalytic to carbon deposition. Hence
addition of copper to nickel-chromium alloys might suppress metal
dusting.

« Fabrication and evaluation of the following model alloy: S50%Ni-
3%Fe-30%Cr-10%W-5%Al. The solubility and diffusivity of carbon
in nickel is low when compared to iron, consequently high nickel
content in an alloy will help to reduce the solubility of carbon.
Higher chromium content would ensure that a protective chromium
oxide scale is formed to retard metal dusting whereas the presence
of tungsten will help to preserve the chromium level as tungsten
will formn carbides instead of chromium forming carbides alone.
Aluminium can also form a protective oxide scale to retard carbon
ingress. A good balanced combination of the above mentioned
elements will suppress metal dusting.

o Evaluation of the effects of chromizing and aluminizing metal
components to metal dusting resistance. Enriching the surface
region of alloys by chromium and aluminium would endow alloys
with excellent resistance against corrosion and oxidation.

e Evaluation of the effects of protective coatings against metal
dusting. Coatings based on strong oxide formers such as Cr, Si,
and Al which are capable of forming protective oxide scales at high
temperatures under aggressive reducing environment of metal
dusting.

o Investigating how carbon plates and coke protrusions affect the
kinetics of metal dusting. Carbon plates seemed to grow rapidly on
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alloys with high content of iron and to accelerate the rate of metal
dusting. Most alloys which had muiltiple carbon plates were
uniformly attacked whereas alloys which had coke protrusions had
erratic pitting.
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Experiment A at 650°C
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Figure 1: Mass change of exposed alloys after 81 hours and 168 hours in
experiment A at 650°C, respectively.
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Figure 2: Mass change of exposed alloys after 72 hours and 180 hours in
experiment A at 650°C, respectively.
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Figure 3: Mass change of exposad alloys after 24 hours and 72 hours in
expenment A at 500°C, respectively.
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in experiment A at 650°C, respectively.
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experiment A at 650°C, respectively.
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Figure 4: Mass change of exposad alloys after 100 hours and 180 hours
in experiment A at 650°C, respectively.
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Hardness Measurements for Experiment B at 500°C

Murohardness vs. Sross-sectional distance
53 MA

e 25 WA R —e 25T WA (R =i D53 MA{ LNk prsed)

T e T IRy cou T T i et P W G TR -0
50 e b o LA oA o A et e i o b TRt s

] - i ; PLIC

a Qs 1 1.5 = 2 3
Cross-secisnal distancs (min|
Microharmees vs, Cross-sectional distance
Alkcy 214
e Allry 214 ARD] — = 1oy 204] GRE] —ge— Aloy 214{uneaposed) |
00— - -
20 | | = — — e _——
k-3 — —
- r i
A0 4 S i I8 1
f ¥ -

B0 e —————————— e -
160 —_—
6 (PPt e S R PR VATYLLL (TCTETRY Y1 E OB L TR TRy PR LS B TR T T " i G el L L R g [PVl I D T T TERTER

fn N

o T - T
a a5 1 1.5 3 25 b

Crove-seclived dialaucy g



Micreh@rdness va. Sross-sectional distance
Alloy 230

VHn{ #0gf}

B[ J £ ot sy
=0 - = - BN W . ST — -
1} T : - S el i
1} (3L 1 18 2 25 2
Cross-section sl distince [anm)
Microhardnesa vs. Cross-sectiomal distance
Aloy 800
= Ay ELO[ARD) —s— Aoy BOO{CRDY —ae— Aly BO0[URAK poded)

Sy S = B ST RN ST ES o B L PR TR TR T TP L

VHNE Mg

50 - — - —
i
o - T T T
o 5 1 Th ? Lok

Grosx-gertionzl distance [mm |



MR ol aes s vs, Crega=s eetlonal distance
GRIN

b (3R 308 (ARD) —=— R 306 [GRO} —a— G 303(unes posed)

VHH| 10gf)

T A e P Y R RS
50 o
1] T k= + fi —
o 03 1 b I 25 g
Cresn-ne stional distance jmm )
Micrehardness vs. Gross-sectional distance
HR 160
g HR 150 ST —m— HR A0 GRD) =—te=HR 160 aries posed,

00 -

VHM(108gh

"III'I'{ ..... .y
l
|

50 { el O et e

o E : Hos Wi 2]
) [LE) 1 i5 S =g %

Cross-wectional distance [mm)



Hardness Measurements for Experiment C at 500°C
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