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Abstract 

Metal dusting is a catastrophic carburisation process where the affected metal is 

weakened by embrittlement due to an increase in carbon content and it subsequently 

disintegrates. The high velocity gases found in metal dusting environments erode away 

the brittle material resulting in the metal dusting corrosion product – coke, metal oxides 

and graphitic carbon. Environments favourable for metal dusting contain high carbon 

activities (aC > 1) at temperatures of 400-800ºC and oxygen partial pressures as low as 

10-24 atm. Such environments are encountered in the chemical, petroleum and 

petrochemical industries where syngas (H2-CO-H2O-CO2) and hydrocarbons are 

converted into other useful products.  

The objective of this work was to design an experimental rig that simulates a metal 

dusting environment and then study the behaviour of two types of surface 

modifications on 304L stainless steel exposed to a metal dusting environment. The two 

surface modification methods were: (a) copper electroplating using the pulse plating 

method at varied deposition times of 30, 45 and 60 minutes and (b) laser cladding 304L 

with ruthenium of varied concentrations in the range (0-5 wt.%Ru). 

The following conditions were used to simulate the metal dusting environment; a gas 

mixture of 20 vol.% CO- 60 vol.% H2- 20 vol.% H2O, at 525ºC and 650ºC, with resultant 

carbon activities of 0.679 and 0.512 atm respectively. And oxygen partial pressures of 

1.599x10-27 at 525ºC and 5.118x10-24 atm at 650ºC. An additional metal dusting 

environment with a relatively high carbon activity was simulated. This environment 

contained a gas mixture of 25 vol.% CO- 75 vol.% H2, at  650ºC with a carbon activity of 

35 atm and an oxygen partial pressure of 1.012x10-24 atm. The samples were exposed for 

a total of 21 days and analysed after seven days and after 21 days of exposure. The 

samples were analysed using FESEM, Raman Spectroscopy and GIXRD. 

The results showed that the copper plated samples performed the best in terms of 

protecting the 304L stainless steel against metal dusting. However, the copper coating 

was susceptible to oxidation which could not be slowed down. Increasing deposition 
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time resulted in increased coating thickness which in turn resulted in prolonged 

protection against metal dusting by the copper coating. However, a longer exposure 

time would result in the eventual removal of the copper by oxidation, exposing the 

304L stainless steel substrate as was the result in the sample exposed at 650ºC, in the 

gaseous environment with a carbon activity of 35 atm. 

The ruthenium laser cladded samples performed well in the low carbon activity 

environment particularly at 525ºC. Metal dusting initiation began 21 days on only the 2 

wt.% Ru sample. Exposure at 650ºC resulted in the spalling of the oxide layer formed on 

the samples and the initiation of metal dusting within seven days of exposure. 

However, in the low carbon activity environment the samples were able to self-heal and 

maintain relatively low levels of attack. Only pits smaller than 1 µm had formed on the 

substrate that was exposed as a result of the spalling of the oxide.  

Samples exposed to the high carbon activity (35 atm) environment revealed that the 

high ruthenium (2-5 wt.%) containing samples were highly susceptible to metal 

dusting, resulting in large pits greater than 20 µm. The pitting occurred at the areas 

enriched with ruthenium. In contrast, the low ruthenium content samples (0 and 0.5 

wt.% Ru), underwent metal dusting initiation as opposed to pitting even after 21 days 

of exposure. It was identified that to achieve maximum benefit from the ruthenium 

laser cladded samples against metal dusting, a single phase coating may be applied. 
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𝑣 =
𝑑𝑛𝑐

𝐴 𝑑𝑡
= 𝑟 – rate of coking or metal wastage  

𝑚𝑐 – mass of component (e.g. carbon) 

𝑘 – rate constant 

𝑃𝑂2
 – oxygen partial pressure 

A,B – constants used to calculate ∆G° 

t – time (s or min or days) 

𝑟1 – rate of material wastage (mg/cm2) 

𝑟2 – rate of coking (mg/cm2) 

𝑣 ̂ - specific volume (m3/kg) 

𝑚̇ – mass flowrate of water (g/min) 

𝑄̇ – volumetric flowrate (mL/min) 



xvi 
 

𝑉𝑇,𝑔𝑎𝑠 – total volume of gas 

𝑥 𝑖 – mole ratio of component i 

𝑛 𝑖 – moles of component i 

CR – corrosion rate (mm/year) 

  



xvii 
 

Nomenclature 
CO – carbon monoxide  

H2 – hydrogen  

CO2 – carbon dioxide 

H2O – water vapour 

CH4 - methane 

Fe3C - cementite 

C – carbon 

Fe - iron 

PGMs –platinum group metals 

PO2 – oxygen partial pressure 

Cr – chromium 

BCC – body centred cubic 

FCC – face centred cubic 

Si – silicon 

Al – aluminium 

Cr – chromium 

SiO2 – silicon dioxide/silica 

Cr2O3 – chromium oxide/ chromia 

Al2O3  - aluminium oxide/ alumina 

Fe2O3 – haematite 

Fe3O4 – magnetite 

M7C3 & M23C6  – metallic carbides (M = Cr, Fe, Ni) 

(Fe,Cr,Ni)2O3 – oxide spin
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1 Introduction 

Improved output efficiencies of high temperature applications such as gas and coal 

gasification for power generation, nuclear power generation as well as petrochemical 

plants can often be achieved by increasing operating temperatures. High temperature 

engineering alloys have to be employed and type 304L austenitic stainless steel  is one 

such material. AISI 304L stainless steel is a versatile material with corrosion and creep 

resistance while retaining its strength and excellent mechanical properties even at high 

temperatures. It is also the most widely produced and used austenitic stainless steel and 

can be a cost-effective material. However, at elevated temperatures it can fail due to 

oxidation, carburisation and metal dusting [1,2]. 

Metal dusting corrosion is defined as a catastrophic form of carburisation which causes 

a material to disintegrate into fine metal and graphite dust particles [3-6]. It occurs at 

intermediate temperatures of 400-800˚C, and in environments with high carbon 

activities (aC> 1), as well as low oxygen partial pressures. Such environments usually 

contain hydrocarbons and/or synthesized gas (syngas) composed of CO, H2, H2O, CO2 

and CH4   [6-9]. This phenomenon degrades the desirable properties of typical high 

temperature engineering materials such as iron, nickel and cobalt based alloys [9-11]. 

The affected metal is weakened by the increased carbon content, leading to 

embrittlement and material disintegration. Gases moving at high velocities 

subsequently erode away the embrittled material thus resulting in the metal dusting 

corrosion product (coke) [11,12]. The sizeable coke production reduces the process 

efficiency because of the resultant poor heat transfer and gas flow, therefore increasing 

process plant operating expenses [13]. Unfortunately no material currently in existence 

is entirely resistant to this type of attack and stainless steels exhibit pitting penetration 

rates in the order of 9-12 mm/y whereas low alloyed steels exhibit even higher rates of 

metal dusting attack [14,15]. 
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Metal dusting poses a major threat to the safety of processing plants, because it can be 

sudden and unpredictable. The US Department of Energy estimated that should metal 

dusting be mitigated in the United States, the hydrogen production industry alone 

could save $220-290 million per annum [16,17]. In South Africa, PetroSA experienced 

two failures due to metal dusting within a decade. The first failure occurred within just 

21 months of commissioning the plant, in 1993 and the second resulted in maintenance 

costs that amounted to R52 million [18,19]. It is therefore imperative that this type of 

corrosion be minimised. PetroSA reported that maintenance costs due to metal dusting 

amounted to R25 million in the 2011 financial year.  

This corrosion attack often plagues chemical industries, petrochemical plants, and the 

energy production industry. In light of South Africa’s recent electricity shortage, the 

control and mitigation of metal dusting corrosion is essential, in the development and 

growth of industries and subsequently the economy. In the past, research has been 

largely concentrated on clarifying the mechanisms of metal dusting [11,20-26]. 

However, in recent years the focus shifted towards finding control measures for the 

prevention of metal dusting [27-33]. Corrosion is a surface chemistry dependent 

process, therefore this research attempted to mitigate the metal dusting of 304L by 

surface modification with ruthenium and copper. Surface modification instead of bulk 

alloying was considered to minimise the use of alloying elements and minimise costs. 

1.1 Problem Statement 

Type 304L stainless steel  generally exhibits exceptional corrosion and high temperature 

properties. However, research has shown that it is susceptible to high temperature 

corrosion such as carburisation and metal dusting, which occur both in the presence 

and absence of oxygen [34-38]. In recent years, research has shifted towards the 

investigation of protective methods that can control and mitigate metal dusting attack 

[39-43]. Some protective methods that have been explored are: alloy development, 

modifying the corrosive environment, application of coatings and surface modification 

of alloys [8,15, 39-43].  
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This research used copper and ruthenium which are readily mined in South Africa, to 

control the metal dusting of 304L stainless steel. These elements were used for their 

superior corrosion properties. Copper has an extremely low carbon solubility and does 

not catalyse carbon deposition, thus rendering it inert to carburization and metal 

dusting [32,33]. Whereas ruthenium is a noble metal and is non-reactive at temperatures 

less than 800˚C [44]. Consequently, surface modification techniques, pulse 

electroplating and laser cladding were used to apply copper or ruthenium to 304L 

stainless steel, to determine if the metal dusting of 304L stainless steel can be controlled. 

There has been little or no known research yet on the application of these surface 

modification techniques combined with the two alloying elements used in this work to 

control metal dusting. 

1.2 Research Questions 

1. How does copper electroplating of 304L affect its resistance to metal dusting? 

2. How does ruthenium laser cladding of 304L stainless steel affect its resistance to 

metal dusting? 

3. What is the influence of the variation of time on the metal dusting of copper 

electroplated and the ruthenium laser cladded stainless steel 304L? 

1.3 Aim 

The aim of this study was to determine the effect that surface modification of 304L 

stainless steel by copper electroplating and ruthenium laser cladding would have on the 

metal dusting behaviour of 304L. 

1.4. Research Objectives 

1. Establish the extent of metal dusting, on an uncoated 304L stainless steel sample 

under the specific metal dusting condition.  

2. Establish if the surface modification of 304L stainless steel by copper electroplating 

will result in the reduction of the metal dusting of 304L stainless steel. 



Investigating the Metal Dusting Behaviour of Surface Modified 304L Stainless Steel  2019

 

4 | P a g e  
 

3. Determine if the surface modification of 304L stainless steel by laser cladding with 

ruthenium will result in the reduction of the metal dusting of 304L stainless steel. 

4. Investigate the effect of varying time on the metal dusting of the surface modified 

304L stainless steel. 

1.4 Limitations 

The major limitation with the project was that it was performed in a laboratory 

experiment setup and the results were not verified under actual plant conditions. 

Additionally, limited access to high resolution equipment such as the Transmission 

Electron Microscope (TEM) restricted the analysis process. 

1.5 Project Outline 

This thesis opens with Chapter 1, the introduction which outlines the project aims, 

objectives and the research questions.   

Chapter 2, the literature survey; this chapter focuses on describing the metal dusting 

process, its mechanisms, metal dusting prevention methods and the laser cladding 

process.  

Chapter 3, is the experimental methods where the materials, parameters and analysis 

techniques are described.  

Chapter 4, is the results and discussion chapter for the reference 304L stainless steel, 

copper electroplated and ruthenium laser cladded samples where pre-exposure 

characterisation results and post-exposure characterisation results are shown and 

discussed.  

Chapter 5 and 6, are the Conclusions and Recommendations. 
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2 Literature Review 

Metal dusting is the embrittlement of a material due to increased carbon content 

resulting in the loss of mechanical properties and the disintegration of the material into 

a fine dust [1-8]. The dust is a coke deposit consisting of a combination of metal, metal 

carbides, metal oxides, and graphitic carbon [9-12]. Metal dusting manifests itself as 

uniform metal wastage in low alloyed steels and iron, or as pits in high alloyed steels 

[13-15]. Metal dusting thrives in environments that contain CO-H2-CO2-H2O gas 

mixtures, with high carbon activities (aC > 1), which can either be oxidizing or non-

oxidizing. The temperature range at which this corrosion attack occurs is often 

indistinct, however, it is mostly documented as occurring between 400-800˚C[1-15]. 

Though, in the heat treating industry it has been witnessed in the 900-930˚C 

temperature range, whereas in strongly reducing, environments the metal dusting 

temperature has been observed to be 1100˚C [10,15-17]. Therefore, in theory [10,15-19] 

metal dusting could occur in any environment and at any temperature as long as the 

carbon activity is high enough (aC >> 1).  

The occurrence of metal dusting is influenced by various factors, making it difficult to 

predict its initiation and occurrence. However, three primary factors have been 

identified to greatly influence metal dusting which are: (1) the composition of the 

process stream, (2) operating temperature and (3) the composition of the alloy [20—21].  

According to Grabke [21], the initiation of metal dusting is commonly due to changes in 

at least one of the following conditions: 

 process operating conditions such as pressure and temperature,  

 equipment repairs resulting in damaged units due to poor expertise,  

 changes in the materials of construction and contamination by impurities such 

as chlorine or mineral salts, which may damage the protective oxide scale.  
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Metal dusting is complex in nature because there is no one type of condition that causes 

metal dusting. Industries affected by this phenomenon generally utilise different 

operating conditions, such as temperature, gas composition and total pressure [23].  

Typical industries affected by metal dusting are: petrochemical plants, fuel refineries, 

nuclear plants cooled with carbon dioxide, reforming plants, heat treating industry, and 

in ammonia plants waste heat boilers [16,24-26]. Metal dusting also occurs in coal 

gasification plants, especially in processes where strongly carburizing conditions are 

present. Carburizing conditions are such that the CO-H2 mixtures may react with the 

metallic components. These reactions may also be found in processes where organic 

compounds are reacting, such as butane dehydrogenation systems, hydrodealkalation 

systems and acetic acid cracking furnaces as well as in iron ore reduction furnaces 

[16,24-26].   

2.1 Mechanisms of Metal Dusting 

Metal dusting mechanisms of engineering alloys have been studied extensively since 

the 1950s, however, no universal agreement exists regarding these mechanisms, due to 

the varied parameters that affect the onset and occurrence of metal dusting [5,16,27]. 

Szakálos summarised three primary, accepted mechanisms, which are characterized as: 

Type I, II, III and a secondary Type IV [5,28].   

2.1.1 Type I 

Type I was first defined by Hochman et al. [29,30] and later extended by Grabke et al. 

[19,32]. This mechanism involves the decomposition of the metastable cementite (Fe3C) 

which forms during the initiation process of metal dusting [19,26]. It is only applicable 

to iron and low alloyed steels, because stainless steels form more stable carbides 

[5,28,33].  

2.1.2 Type II 

According to Szakálos [28], Type II was first identified by Hultgren et al. [31] and 

developed by Pippel et al. [35]. This mechanism is defined as the disruption of a carbon-

supersaturated matrix due to embrittlement by graphite formation [31,35]. Type II can 
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be identified in metal dusting of iron and low alloyed steels, nickel, binary iron-nickel 

alloys as well as chromium depleted austenitic stainless steels [5,28]. According to 

thermodynamics, both carbides and oxides are unstable in Ni and Fe-Ni austenitic 

steels, and only metal and graphite are identified as stable. Therefore, minute metal 

fragments surrounded by graphite allow for slower metal dusting kinetics [5,28,33]. 

2.1.3 Type III 

Type III was determined by Szakálos [5,28,33], during his PhD studies. This mechanism 

is the selective oxidation of alloyed carbides, and was found in Ni-based alloys as well 

as stainless steels.  It was first found in 304L stainless steel at 650˚Cexposed to H2-CO 

gas mixtures. This proposed mechanism was termed active corrosion by carbon and 

oxygen [5,28,33]. It is supposed that oxygen plays an active role during metal dusting 

especially in environments that contain 2-3 vol.% and 30-50 vol.% water vapour. Type 

III is the most detrimental metal dusting mechanism for high alloyed materials that can 

form a protective chromium oxide layer which are exposed to CO containing 

environments, with and without water vapour.  The carbon reacts with the matrix and 

forms carbides, these carbides are oxidized resulting in free carbon, which continues to 

form carbides with the metal [5,28,33]. 

2.1.4 Type IV 

In addition to the three main metal dusting mechanisms there is the secondary Type IV 

mechanism. This mechanism was identified  by Szakálos [5,28] and it was described as 

the formation of carbon nanotubes during the metal dusting process which is catalysed 

by the continued fragmentation of the corrosion product as more carbon was 

introduced to the process [5,28].  

A combination of these mechanisms are usually operating, when steels undergo metal 

dusting, [5,28,35]. Generally accepted mechanism for Fe-Ni-Cr alloys such as 304L 

stainless steel is illustrated by Figure 2.1. This mechanism was defined as follows [5,7-9, 

28, 36]: 
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a. Carbon containing gases such as carbon monoxide, carbon dioxide, 

hydrocarbons are decomposed on an active, catalytic alloy, into carbon atoms 

and others such as oxygen and hydrogen. 

b. The carbon atoms are adsorbed onto the catalytically active alloy and dissolve 

into the alloy. 

c. Once the alloy is supersaturated with carbon, graphite crystallization occurs and 

causes volume expansion of the alloy. 

d. The volume expansion of the alloy causes disintegration of the material into 

corrosion product in the form of dust containing, alloy particles, oxides and 

graphite. 

 

Figure 2.1: Schematic of the metal dusting mechanism for austenitic stainless steel and nickel alloys [36]. 

2.2 Protective methods against metal dusting 

According to Zeng et al. [37,38] there are two primary methods of mitigating metal 

dusting: (a) the development of an oxide scale on the surface of the material, which 

results in the inhibition of carbon ingress-due to the low solubility of carbon in the 

oxide scale, or (b) the use of an inhibitor. Agüero et al. [39] have reviewed the metal 
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dusting phenomenon and the methods that are in existence that mitigate metal dusting. 

These can be changes in process conditions, surface poisoning, alloying, mechanical and 

chemical surface treatments, thermal treatments and coatings [39,40]. Madloch et al. [41] 

have recently suggested an additional approach of suppressing metal dusting by 

catalytic inhibition of the metal itself.  

2.2.1 Changes in the Process Conditions 

Metal dusting can be reduced or mitigated by changing process conditions or designing 

around the process conditions that are favourable for metal dusting [39,42,43]. 

Unfortunately this method induces economic penalties such as the decrease in efficiency 

of the process, increased energy consumption as well as decreases in the product yield 

of the process. It has proven to not be an efficient or effective way of mitigating metal 

dusting [37,39,43]. However, research groups continue to study factors that influence 

metal dusting such as the influence of the total pressure, the velocity of the gas in the 

system, and the effect of water vapour [44-50]. 

2.2.2 Protective Oxide Layer 

Metal dusting in industrial processes is often mitigated by means of a protective oxide 

layer. This protective oxide scale forms as a result of an alloying element mostly Cr, 

forming an oxide with the oxygen in the atmosphere. The oxide layer forms on the 

surface of the material, forming a protective coating that separates the substrate and the 

gaseous environment [39-41]. In order for this oxide layer to successfully protect a 

material against metal dusting it should be stable, continuous, self-healing and should 

exhibit excellent adherence. The oxide layer lowers the amount of carbon that is 

transported to the matrix because oxides have lower solubility limits of carbon than the 

metal matrix [37,38,51]. Formation of the oxide scale is promoted by increasing Cr 

content, addition of minor alloying elements such as Si and/or Al, and decreasing the 

grain size thereby increasing the diffusion paths of Cr, to increase its diffusion rates 

within the material [52,53]. The oxide scale grows faster in BCC ferrite materials, due to 

the improved diffusion paths that are available, than in FCC austenite structures. FCC 
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structures have slower diffusion paths for Cr.  Oxide scale growth is always guaranteed 

in austenitic materials when the alloy contains a high chromium content, Cr ≥ 17 wt.%, 

because the high Cr content allows for the formation of a continuous oxide protective 

layer [28,54].  

The protection by oxide scale can be further re-enforced by the addition of Al and Si at 

quantities of 1.5 wt.% or greater, so that they can form a continuous oxide layer 

underneath the chromium oxide layer. Highly reactive elements such as niobium, 

yttrium and cerium, can be added in quantities of 0.1 wt.% or less to improve the 

adherence of the protective scale [53]. Yttrium, as well as the rare earth metals, are able 

to improve oxide formation because they segregate to the oxide-alloy interface, 

providing sites for oxide formation [55-57]. Carbon has a low solubility in FeO, Fe3O4, 

Cr2O3, Al2O3 and MnO, and therefore, would not permeate in dense and continuous 

oxide scales [58]. Unfortunately oxide layers can be destroyed by the growth of 

graphite, on and within the scale, which results in pits within the scale and thereafter 

metal dusting cannot be mitigated [2,53]. The failure of the protective oxide layer is 

dependent upon the temperature and chemistry of the corrosion environment and the 

main mechanism of failure is the spalling of the coating. Spalling occurs when the oxide 

layer does not heal itself as a result of the depletion of chromium in the substrate, or an 

oxide former in the substrate. It will also occur if the layer is not stable enough or due to 

internal stresses that develop during thermal cycling [59].  There are two other 

mechanisms of failure that have been identified: firstly failure as a result of the 

reduction of the oxide layer when in the presence of higher oxides such as Fe2O3, Cr2O3 

and nickel spinels and secondly through the conversion of the oxide into carbides. This 

is more probable in environments that contain high carbon activities and this can be 

prevented by alloying the substrate with 1.5-2 wt.% silicon to promote the formation of 

a more stable oxide [53,60]. Protection against metal dusting with the use of an oxide 

layer has a limited protection period however, the oxide layer improves the incubation 

period of metal dusting. The oxide layer delays the initiation of metal dusting thereby 
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protecting the material for longer periods than if no protective oxide scale formed. 

Researchers have found that once pits form as a result of a broken oxide scale, metal 

dusting is unstoppable and occurs at a rapid rate [38,60]. A protective oxide scale that is 

adherent, continuous and self-sustaining for long periods of time is essential for the 

mitigation of metal dusting.  

In addition the formation of a protective oxide layer is promoted by the presence of 

high temperatures, water vapour, a fine grained structure and surface pre-treatments 

such as grinding and sandblasting.  The above mentioned, promoters of the chromium 

oxide are beneficial because they provide easy chromium diffusion paths and excess 

oxygen [19,21,62,63]. Water vapour is [23,61] a good inhibitor of metal dusting in 

austenitic stainless steels and high chromium containing alloys, because it effectively 

facilitates the formation of stable oxides that cannot be reduced by carbon monoxide. 

There have been varying opinions regarding the presence of water vapour in metal 

dusting environments. However, the general consensus was that it reduces metal 

dusting, but its protection is highly dependent upon the type of alloy and the content of 

the water vapour in the environment.  It has been found that in laboratory experiments 

where there is little (1-3%) or no water vapour, and these environments tend to favour 

the resistance of metal dusting of nickel-base alloys [23,43]. However, research was 

conducted, in environments with relatively high water vapour contents (>20%), and 

iron based alloys such as 304 and 310 stainless steels performed better than the 

expensive nickel base alloys [23,43,64].  

Other factors that influence the effectiveness of the oxide scale are: a high melting point 

and low vapour pressure of the oxide at the operating temperatures and pressures 

[65,66]. The oxide scale should have a thermal expansion coefficient close to that of the 

metal substrate, in order to limit spalling and cracking of the oxide scale. It also should 

have low diffusion co-efficients for metal ions and oxygen, as well as erosion resistance 

and resistance to impurities such as carbon deposition [23,65].    
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2.2.3 Surface Poisoning 

Another approach to improve resistance, would be to poison the surface of the material 

by the addition of an inhibitor such as H2S or PH3 [39,54]. These inhibitors are adsorbed 

onto the surface of the material, breakdown to release phosphorus or sulphur which 

adsorb onto the surface more strongly than carbon, subsequently poisoning it [39]. The 

poisoning element adsorbs onto the surface, retards the carburization process by 

blocking the gas entry sites, thereby stopping the entire metal dusting process 

[32,68,69]. When this happens the carbon diffusion into the metal matrix is inhibited, 

preventing the subsequent metal dusting steps such as supersaturation and cementite 

formation. Graphite formation is stopped, which prevents the disintegration of the solid 

phase [32]. Sulphur unfortunately has disadvantages because its build up can result in 

sulphidation corrosion, but most importantly affects the subsequent processes because 

it reduces the process efficiency by poisoning the catalyst [39,40]. The laws governing 

process industries are promoting greener and more environmentally friendly processes, 

discouraging the use of hydrogen sulphide. Phosphorus does not affect the subsequent 

processes, but it is also considered to be environmentally unfriendly [39].  

2.2.4 Mechanical Surface Treatments 

Research has been conducted into the mechanical surface treatment of steels, 

specifically cold-work, and has yielded positive results in the mitigation of metal 

dusting. It was first identified by Grabke et al. [26,42,70] and later others considered 

different mechanical surface treatments such as sand blasting, grinding, peening and 

machining which yielded positive results by promoting metal dusting resistance of 

materials [39-43,53,63,71-76]. These processes resulted in grain refinement which in turn 

promoted the diffusion of chromium by providing chromium diffusion paths. This is 

desirable because the chromium then forms a protective oxide layer at the surface of the 

material thereby inhibiting carbon ingress and therefore stopping metal dusting.  

2.2.5 Chemical Surface Treatments 

Chemical surface treatment methods refer to chemically treating the surface prior to 

exposure to metal dusting conditions. This has been studied and mainly focused on 
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depositing a continuous and well adhering Cr2O3 layer. This layer has been achieved by 

pre-oxidation of the material prior to oxidation. In these studies was for identified that 

alumina (Al2O3) forming alloys have performed better in instances where they were 

pre-oxidised prior to application, than without pre-oxidation [56]. As promising as this 

method was for alumina forming alloys, the pre-oxidised 304 stainless steel has 

performed poorly in metal dusting environments [74].  Although 304 performed poorly 

in other studies [74], Zeng et al. [37,38] proposed that this method may still work on 

nickel-based alloys such as alloy 800.  They suggested that this method would control 

metal dusting on alloys that have long incubation periods. Secondly, the alloys can 

periodically be oxidised during breaks in the operations, to cover and stop the growth 

of existing pits. Thereby allowing for pro-longed incubation of metal dusting attack 

[37,38]. Another study that was conducted showed that the addition of pre-oxidised 

CeO2 and nano-dispersed CeO2 particles on Ni3Al coatings significantly improved the 

metal dusting resistance of the coatings because pre-oxidation promoted the formation 

of Al2O3 [78]. In another study it was observed that the efficiency of pre-oxidation 

treatments was highly dependent upon the integrity and the mechanical properties of 

the scale formed as a result of pre-oxidation. Therefore, defects on the oxide scale 

should be avoided [79]. Lin et al. [80] decided to pre-carburize as opposed to pre-

oxidising, unfortunately this work was unsuccessful because it resulted in accelerated 

metal dusting in high carbon activity environments. 

Some other methods that were investigated, but did not prove successful, were etching, 

pickling, electro-polishing and cold rolling [23,59,64]. Etching and pickling exert a 

negative influence because they attack grain boundaries and increase metal dusting 

attack. Electro-polishing and rolling result in coarse grains which slow down the 

diffusion of chromium [39]. The surface roughening of a material can result in the 

blockage of carbon diffusion paths, therefore reducing the metal dusting process [54].   
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2.2.6 Laser Treatments 

Voisey et al. [81,82] investigated laser surface treatment of alloy 800H, as well as the 

application of laser treatment to thermal spray coatings in order to inhibit metal 

dusting. They found that surface laser treatment produces a refined microstructure that 

creates more chromium diffusion paths which promoted the formation of a dense and 

continuous protective layer. The laser treatment of alloy 800H resulted in adequate 

resistance of alloy 800H against metal dusting [81]. However, others have since found 

that grain refinement may not necessarily be beneficial to metal dusting mitigation 

particularly in environments containing higher gas velocities and high total pressures 

[9]. To improve the performance of coatings, laser treatment was used to apply 

NiCrAlY and NiCr thermal spray coatings onto two substrates, alloy 600 and 800, by 

eliminating inter-connected porosity in the coatings. Eliminating interconnected 

porosity promotes the formation of sites of carbon ingress, therefore reducing metal 

dusting resistance. The Ni-Cr-Al-Y coating gave the best resistance as expected because 

chromium, aluminium and yttrium form a protective oxide scale that remains intact. 

The laser treatment of both coatings resulted in improved metal dusting resistance of 

the coatings [82].   

2.2.7 Alloying Elements 

Nickel and iron and their alloys have been studied extensively due to their importance 

in engineering applications especially for high temperature applications [82,83]. The 

focus will be on the alloying elements used to alloy Fe-Ni-Cr alloys, because 304L is an 

Fe-Ni-Cr alloy. In such alloys, the importance of the Fe:Ni ratio has been emphasized 

[19,39]. Researchers agree that metal dusting resistance increases with increasing Ni and 

this is attributed to the low solubility of carbon in Ni [1,19, 40]. However, there is a limit 

to the amount of nickel that can be added to steels so that maximum protection can be 

achieved. Grabke et al. [12,26] observed that austenitic stainless steels containing more 

than 30 wt.% nickel experienced significant metal dusting; this is because nickel is a 

graphitizer and graphite plays a major role in the metal dusting of Fe-Ni-Cr alloys. 



Investigating the Metal Dusting Behaviour of Surface Modified 304L Stainless Steel  2019

 

19 | P a g e  
 

Chromium and aluminium are the most studied oxide forming alloying elements. Both 

these elements form stable oxides. Aluminium forms a much more thermodynamically 

stable oxide layer than any other oxide former. However, aluminium diffuses slowly 

into the metal substrates. This slows down the self-heling ability of the oxide layer 

[7,39,40,84]. Chromium can also be added to aluminium containing alloys to minimise 

the effect of the slow aluminium diffusion and to form an inter-diffusion chromium 

oxide barrier between the substrate and the aluminium oxide forming on the surface, 

improving the protection. Studies have found that an increase in aluminium or 

chromium in alumina and chromia forming, iron and nickel base alloys resulted in 

increased metal dusting resistance however, this increase in resistance in iron based 

alloys is subject to the type of alloy. For instance ferritic alloys are better alumina and 

chromium oxide formers than austenite alloys because they allow for better diffusion of 

aluminium and chromium relative to austenitic steels [23,85]. Therefore, ferritic steels 

perform much better than austenitic steels in metal dusting environments. 

Other oxide formers of interest are silicon and titanium because these elements have the 

ability to form thermodynamically stable protective oxides. Silicon is argued to reduce 

the solubility of carbon in materials and promotes the formation of the protective oxide 

layer and thereby reducing metal dusting attack [86]. Titanium performs much better in 

conjunction with aluminium, because titanium promotes the formation of α-Al2O3, even 

at low temperatures [7,84]. However, titanium is a prominent carbide former that 

should not be added as an alloying element on its own to improve metal dusting 

resistance [35]. 

Carbide formers have not been studied extensively and the results obtained have not 

been consistent [87]. Carbide formers such as tungsten, molybdenum and niobium 

improve the incubation period by retarding the metal dusting process [39]. Due to their 

relatively high affinity for carbon, compared to chromium, they are prone to form 

carbides first, increasing the free chromium available to diffuse to the interface to form a 

protective chromium oxide. This protective oxide prevents the ingress of carbon, 
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thereby increasing the metal dusting incubation time by more than 500 hours [62,63]. 

However, Slabbert [35] found that these elements initially improved resistance, but 

more rapid and severe damage of the material occurred once the metal carbides had 

been oxidised. He recommended that carbide formers not be used as alloying elements 

in ferrous alloys, especially Fe-Ni-Cr alloys such as 304L and 316L, as a means to control 

metal dusting, because they result in severe degradation of ferritic alloys [35]. This 

rapid material degradation is caused by the carbides forming precipitates that cause 

defects in the oxide layer that allow for carbon ingress into the substrate and 

subsequent material degradation [21, 87]. 

Copper is another alloying element that is of interest in metal dusting, because of its 

resistance to carburization, metal dusting and its low solubility of carbon [87]. It has 

been found to enhance the metal dusting resistance of nickel base alloys and iron based 

alloys containing high nickel contents. Copper has a high solubility in nickel alloys and 

promotes the dilution of the carbon catalytic sites [87-89]. This results in the inhibition 

of the nucleation of graphite, and has also been observed on some austenitic stainless 

steels [87]. However, iron alloyed with copper showed no improvement because copper 

has a low solubility in ferrite and does not suppress carbon diffusion in the ferrite phase 

at these levels [90,91]. Alloying the austenite phase with large quantities of copper 

resulted in the formation of copper rich intermetallic precipitates and a significant 

increase in new grain boundaries that promote internal carbide formation [90,91].  

Zhang and Young [90,91] studied the effect of copper additions to austenitic steels 304, 

310 and alloy 800H which has a slightly higher nickel content. The 304 stainless had a 

higher ferrite content, therefore reducing the solubility of copper in the steel. This 

resulted in copper having no significant effect on the metal dusting resistance of the 304 

stainless steel when 5 and 10 wt.% Cu were added to the steel. Interestingly, at 20 wt.% 

Cu the stainless steel, exhibited degradation [90]. It was proposed that a fully austenitic 

304 stainless steel might have been more resistant to metal dusting. Additions of 5 and 

10 wt.% Cu to alloy 800H and 310 stainless steel resulted in the suppression of metal 
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dusting for the first 500 hours of the experiments. The addition of 20 wt.% Cu to 310 

stainless steel resulted in degradation of the stainless steel as a result of intermetallic 

copper rich precipitates, which enhanced the formation of carbide precipitates thereby 

increasing metal dusting potential. The alloy 800H when alloyed with 20 wt.% Cu 

resulted in very low amounts of surface degradation [90]. The results obtained by 

Zhang and Young indicate that the alloying of iron based alloys with copper for metal 

dusting applications is dependent upon the microstructural phase of the alloy as well as 

the nickel content [90,91]. 

2.2.8 Coatings  

Protective coatings have been studied and developed to extend the lifetime and 

efficiency of processing units as well as increase operating temperatures of high 

temperature operations [66]. Such coatings are diffusion, overlay and nanotechnological 

coatings [7,39,40,66]. The efficiency of coatings depends on the absence of defects and 

pores, particularly in metal dusting environments because metal dusting initiates at 

these defects [7,40]. Metal dusting is believed to occur in two stages: incubation and 

growth. Coatings are used to lengthen the metal dusting incubation period [92]. 

However, this is dependent upon the integrity of the coating. Thus coatings for this 

application are designed for prevention of the catalytic decomposition of CO or carbon 

containing gas molecules and/or prevention of the absorption or dissolution of carbon 

into the substrate [7,40].  

A review by Schütze et al. [66] outlines four design criteria for high temperature 

protective coatings, these criteria are: 

1. The coating should be designed so that it can form a thermodynamically stable 

protective phase such as Al2O3, Cr2O3 and SiO2 and spinel phases. 

2. The protective phases should be slow growing so that the rate of depletion of the 

coating reserve at the interface is kept at a minimum. 
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3. The rate of inter-diffusion between the substrate and the coating should be very 

slow. An inter-diffusion barrier can be introduced or the substrate should be 

such that it has a low tolerance for the diffusion of the coating species. 

4. The thermal expansion coefficient of the coating and the substrate should be 

similar to limit contraction and expansion stresses. Coating systems should be 

strain-tolerant. 

2.2.8.1 Diffusion Coatings 

Diffusion coatings are produced by adding metallic components onto a metal substrate 

at temperatures high enough to allow metallurgical bonding between the substrate and 

the coating. The atoms from the coating diffuse into the metal substrate and react 

therein. Such coatings are produced by means of thermochemical methods such as pack 

cementation, as well as chemical vapour deposition (CVD) [75,92]. According to Rosado 

and Schütze [93] the performance of diffusion coatings is highly dependent upon the 

structure and chemistry of the substrate. Therefore, for maximum protection against 

metal dusting different and compatible coating-substrate systems need to be developed.  

The focus on diffusion coatings studies, for metal dusting control has been on alumina 

forming coatings, the Fe3Al and TiAl intermetallic coatings [51]. The most popular 

diffusion coatings currently employed in industry especially the chemical industry as 

well as hot sections in power generation plants are aluminium containing diffusion 

coatings, mostly applied for the protection of materials against oxidation and corrosion 

at high temperatures [39,94].  The efficiency and longevity of these coatings can be 

improved by adding alloying elements such as Cr or Pt to them. In addition these 

alloying elements greatly increase their application operating temperatures [94]. These 

alumina forming coatings have been observed to inhibit metal dusting on both steels 

and nickel based alloys [39,94]. 
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2.2.8.2 Overlay Coatings 

Overlay coatings are such that the substrate and the coating have very little or no 

mixing.  Mixing occurs only at the coating-substrate interface and some degree of inter-

diffusion may occur [7,39,40]. Overlay coatings are usually general alloys or 

intermetallic materials and are not significantly affected by the composition of the 

substrate. These coatings are obtained by plasma spraying, electroplating, high velocity 

oxy fuel (HVOF) and shrouded plasma spraying (SPS). Overlay coatings can 

disintegrate at the coating-substrate interface because the coating is not intrinsically 

part of the substrate [39,40,66]. 

The resilience of various protective overlay coatings have been studied, but the most 

successful work has been on coatings for nickel-base alloys as seen in the extensive 

review done by Agüero [39]. Some, coatings however, have been successfully applied 

on ferritic alloys and have yielded good results. A γ-TiAl coating deposited by HVOF 

thermal spraying, was studied on both ferritic and austenitic steels, this coating 

performed well on ferritic steels. However, it failed when applied to austenitic steels 

due to the dissimilar thermal expansion coefficients of the coating and the substrate 

[82,93]. Thermally sprayed HVOF coatings of NiAl and Ni-50Cr have decreased the 

metal dusting of HP steels and 1Cr-0.5Mo steels respectively [82].  

2.2.8.3 Nanotechnological Coatings 

Nanotechnological coatings or nanotechnological surface modifications are the 

alteration of the surface of a substrate by adding a thin film on the substrate or alloying 

the surface of the substrate with nano-particles. The altered surface will contain nano 

structured materials with nano sized grains that make up a thin film or layer on the 

surface that is nanoscale [95]. These coatings are produced using technology such as ion 

implantation, RF sputtering and the sol-gel method [96-98]. Coatings of this nature can 

be diffusion or overlay coatings, for example ion implantation results in a diffusion 

coating whereas RF sputtering results in an overlay coating. 
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2.2.8.4 Oxide Coatings 

Natsen et al. [99] also studied the effect of oxide coatings on nickel and iron base alloys. 

The coatings were produced using three different methods [99]: 

1. Pre-oxidation of alloys so that an oxide layer forms on the surface. 

2. Enriching the substrate surface with oxide formers such as aluminium, silicon 

and chromium by a pack diffusion process with an additional oxidising step, in 

order to form an oxide layer. 

3. Thermal deposition of FeAl coatings. 

The results obtained showed that the oxide scale due to pre-oxidation was ineffective in 

protecting the substrates against metal dusting. However, the pack diffusion deposited 

coatings retarded the carbon deposition process, thus preventing metal dusting [99]. 

The thermal sprayed coatings were found to contain pores and cracks which were 

assumed to be the cause of the low resistance to metal dusting of the coating [97,99].  

Rosado and Schutze [85] also carried out a study on oxide coatings where oxide formers 

such as silicon, titanium, aluminium and chromium were deposited by means of a 

diffusion packing process on austenitic and ferritic steels. In their studies they found 

that the aluminium coatings performed the best. Silicon coatings were not protective, 

given that they were covered with pores and cracks and did not form a continuous 

protective oxide layer. A combination of silicon and aluminium resulted in improved 

metal dusting resistance. However, with time the aluminium coatings developed pores 

and became susceptible to metal dusting. Titanium performed best when combined 

with aluminium and assisted in the formation of the oxide layer [85]. 

Metal dusting studies of Al/Al2O3 and Cr/Cr2O3 magnetron sputtered coatings on 

HK40 were carried out by Melo et al. and Cheruvu et al. [97,100]. These deposited 

coatings successfully improved metal dusting resistance. However, the Al/Al2O3 

coatings experienced cracking during exposure to carburizing environments [100]. The 

Cr/Cr2O3 coatings formed a thin coating layer which prevented the permeation of 

carbon to the substrate. This study also showed that, for these coatings to maintain 
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resistance to metal dusting, residual stresses that occurred during coating deposition, 

coating adherence and density, had to be optimised [97]. Magnetron sputtered Cr2O3 

coatings deposited on 304 exhibited good resistance against metal dusting in the first 20 

hours up to a temperature of 800ºC. The chromium oxide protected the substrate by not 

catalyzing the carbon deposition process, as well as prevented the ingress of carbon. In 

this same study the importance of adherence and a dense oxide structure were once 

again emphasized [86]. More work still has to be done to improve the performance of 

the magnetron sputtered Cr2O3 and Al2O3 coatings [96,97,100,101]. 

2.2.8.5 Other Coatings 

Other types of coatings such as electrodeposited Ni3Al coatings on Fe-Ni-Cr substrates 

with nano-dispersed cerium oxide particles have been studied, and these coatings were 

found to be highly susceptible to metal dusting. The uncoated substrate materials 

performed much better than the coating. These studies were conducted at 650˚C and it 

was postulated that the coatings performed poorly because a continuous and adherent 

alumina oxide layer did not form at this temperature [102]. 

Agüero [39] has expounded on other successful coatings such as aluminide diffusion 

coatings on steel substrates. These aluminides are quoted as having, a life time of 

approximately fourteen years in service in methanol plants in a wide temperature range 

up to 1000ºC [39]. This shows that the development of coatings for metal dusting 

applications is a field with great potential, but there is still a need for more research to 

be done so that a wider range of coatings suitable for a wider range of metal dusting 

environments can be developed. 

2.3 Copper 

Copper possesses properties which are desirable for material applications, such as 

exceptional corrosion resistance in non-oxidising environments, high electrical and 

thermal conductivity, good formability and machinability [103,104]. Copper is one of 

the most abundantly used commercial metals. In addition to its unique properties, 

copper and its alloys are so resistant, that they are deemed immune to carburization, 
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coking and metal dusting [101,102]. Copper has a relatively low melting temperature of 

1085ºC, which is above the metal dusting temperature range. Therefore, copper can still 

be suitable for application in metal dusting environments. Alloying ferrous and nickel 

alloys with copper to increase their resistance to carburization have been studied and 10 

wt.% copper gave the best resistance in ferrous alloys that contained high nickel 

contents. However, prolonged exposure still resulted in the occurrence of metal dusting 

[101,105]. Additionally, Zeng et al. and Chun et al. [106,107] studied the effect of copper 

electroplating on steel substrates in metal dusting environments and found that copper 

is highly protective. However, they did not give the experimental details of the 

electroplating process and the parameters they used.   

Additionally, copper has a low resistance to oxidation at high temperatures [104]. 

Unfortunately the oxides formed by copper are not self-protecting, to prevent 

degradation by copper oxidation. Two copper oxides are stable in Cu-O systems, these 

are Cu2O and CuO which are stable at lower (T<350ºC) and higher temperatures 

(T>350ºC) respectively [108,109]. Mechanisms of copper oxidation at both intermediate 

and high temperatures have been identified: whisker formation with grain boundary 

diffusion and bulk diffusion. In grain boundary diffusion, the Cu2+ and O2- ions are 

transported through the grain boundaries to form the CuO oxide and Cu2O at the 

substrate-oxide interface [108-110].  

2.4 Ruthenium  

Ruthenium is a transition element and is a member of the Platinum Group Metals 

(PGMs) [111,112]. It is highly resistant to oxidation and corrosion, especially in air, 

water and acids.  This metal is brittle due to its hcp structure, has high tensile strength, 

a high melting temperature, as well as superior heat and electrical conductivity 

[113,114].  

Ruthenium has been identified as a potential alloying element for stainless steel alloys 

because it has been found to increase the corrosion resistance of these alloys in non-

oxidising media [111,115-,116]. However, this improvement in corrosion properties is 



Investigating the Metal Dusting Behaviour of Surface Modified 304L Stainless Steel  2019

 

27 | P a g e  
 

mostly evident in aqueous corrosion where the protection method is by means of 

cathodic modification [117,118].   

 In the early 1990s, van Staden and Roux [119,120] studied the effect of minor ruthenium 

additions to high chromium steels in high temperature oxidation environments. The 

addition of 3 wt.% Ru to 40 wt.% Cr containing steel resulted in much faster oxidation 

of chromium than the bulk iron. This was credited to the fact that ruthenium supresses 

the diffusion of iron to the surface, but promotes that of the chromium. Therefore, the 

performance of the steel is improved because a protective oxide Cr2O3 formed [119-121]. 

This behaviour was observed in the temperature range of 375-600ºC. Tjong and Shihh 

[122] conducted similar research, but at a much higher temperature of 900ºC, which 

yielded disappointing results, in that both the 1 wt.% Ru and 3 wt.% Ru additions to Fe-

40 wt.% Cr alloys did not improve the oxidation resistance of the alloys. However, a 

decrease in the rate of oxidation was observed.  This research shows that ruthenium 

additions to Fe-Cr alloys have the potential to improve the oxidation resistance of these 

alloys at temperatures below 900ºC. Unfortunately, ruthenium is cited in literature as a 

good catalyst for carbon deposition, however, on its own without the support of SiO2 or 

graphite, ruthenium is only able to catalyse amorphous, highly disordered carbon 

[123,124].  

Ruthenium is a suitable noble metal to use in the alloying of stainless steels in South 

Africa to improve their corrosion properties because it is a readily available resource 

and it is the least expensive of the PGMs [117,122]. Although ruthenium is deemed the 

least expensive of the PGMs, bulk alloying with ruthenium would still result in high 

costs, because the cost of ruthenium is $250/ounce. Considering corrosion is a surface 

phenomenon, it would be best to modify the surface with minor additions of 

ruthenium, to reduce the alloying costs. This can be done to improve surface properties 

by using laser cladding, laser alloying, sputtering, but it should be noted that not all 

stainless steels would yield the desired result. Ruthenium is a poor crystalline carbon 

deposition catalyst and is often used in conjunction with graphite or SiO2 when used as 
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a catalyst for graphite formation [123,124]. Ruthenium on its own produces amorphous, 

carbon which is advantageous because according to metal dusting mechanisms by 

Szákalos [28] which are generally more accepted, graphite is the main culprit for metal 

dusting in austenitic steels. 

2.5 Electroplating 

Electroplating is the process of applying a metal coating to a conducting surface most 

often metallic, by means of an electrochemical process [125,126]. This coating method is 

often done to achieve material protection, better surface appearance, imparting of 

special surface properties as well as improved engineering or mechanical properties to 

the material [127]. Electroplating is an inexpensive, reliable, efficient and highly flexible 

technology because it can be applied to a wide range of sizes and shapes of components 

[128,129].  It is a more viable method because it is a less expensive option compared to 

bulk alloying. Electroplating technology produces coatings that are dense, uniform and 

adherent which are widely used in industries such as the automobile industry, 

shipping, air space, machinery and defence [130-134]. The integrity of an electroplated 

coating is highly dependent upon the chemistry, physical nature of the substrate to be 

plated and the electroplating technique [135-138]. 

Pulse plating is used in acid copper deposition in order to improve the mechanical 

properties of the coating, producing a finer grain structure, reducing surface roughness, 

porosity and stresses. It also results in improved hardness and surface levelling. Pulse 

plating uses forward current for a certain period alongside a short energy reverse pulse 

that is interposed periodically. The current density can be varied, therefore eliminating 

stresses and the improved levelling and surface roughness [127]. 

Copper is an excellent choice as a coating which is applied by means of electroplating, 

because it has the ability to cover the imperfections often found in the base metal. In 

solutions usually used for the plating of other common metals, copper is relatively inert, 

it is generally a high plating efficiency metal resulting in a highly adhesive and 

continuous coating, even difficult to coat components [125,126]. The benefit of applying 
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a copper electroplating is that the coating can regulate thermal expansion irregularities 

such as stress, which occur between two metals with different thermal expansion 

coefficients by acting as thermal expansion barriers, especially if the material will be 

used in high temperature applications [125-127].  

As such the pulse electroplating of copper has been studied and has been found to 

produce better quality deposits. These deposits are of superior morphology and 

properties, moreover this can be achieved without the addition of an additive [135-138]. 

The deposits tend to have a finer grain structure. This is attributed to the improved 

mass transfer caused by pulse plating which results in a plating mechanism that allows 

for continuous nuclei formation throughout the deposit allowing for progressive 

nucleation. However, electroplating copper onto stainless steel has proven to be a 

challenge as the coating adheres poorly to the steel [135-138]. 

2.6 Laser Cladding  

Laser cladding is a technique used for the modification of the microstructure and 

composition of the region near the surface of the component [139,140]. The modification 

is achieved by fusing the substrate with the same or a different metal while maintaining 

minimum melting of the substrate with the aid of a laser beam [141,142]. The change in 

the properties occurs because of the addition of a powder mixture containing the 

alloying element to a molten region as a result of heat from a high power laser. This 

addition of the powder and heat is to achieve intermixing, that is followed by rapid 

solidification causing the formation of an alloyed zone that is confined near the surface 

of the substrate [139-142].  

The laser cladding of ferrous and non-ferrous materials has been successfully applied to 

alter the surface properties of these materials [141-143]. Laser cladding takes advantage 

of rapid melting and solidification, which results in a fine grained structure and 

metastable phases, producing better surface properties [144,145]. A major advantage of 

laser cladding as a surface modification process is the flexibility of altering the surface 

properties of the substrate, such as improved hardness, corrosion and wear resistance, 
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while the properties of the bulk material are maintained. Other advantages of laser 

cladding are the reduced production time, enhanced thermal control as well as 

producing coatings with better a surface quality and denser metallurgical bonding 

relative to conventional coatings [146-148]. 

The major application of laser cladding is in the repairing and refurbishment of high 

value components; in industrial environments it is applied in surface cladding, repair 

welding as well as manufacturing processes [149]. These applications and advantages of 

laser cladding render this technology one of very high industrial application potential, 

even so industries for a time were highly reluctant to implement laser cladding due to 

its high investment and operating costs [141]. Another disadvantage is that laser 

equipment is relative expensive therefore limiting the laser applications [141,145]. 

However, over the years due to development and implementation of high-power diode 

lasers and diode pumped lasers, the costs associated with laser cladding processes have 

lowered, and it has become a more industrially accepted technology [150,151]. 

Laser cladding of ruthenium has been studied for aqueous corrosion, the deposits were 

found to contain an inhomogeneous distribution of ruthenium [151,152]. Ruthenium 

islands were observed on the laser cladded surface. Measurements by EDS resulted in 

lower ruthenium concentrations than expected on the surface after exposure to 

corrosive environments [151,152]. No further elaboration on the behaviour of ferrous 

alloys containing ruthenium in aqueous corrosive environments will be conducted in 

this study, because the mechanism of protection, in aqueous environments is different 

to the mechanism of protection in gaseous corrosive environments.  
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3 Experimental Methods 

Detailed herein are the design of the experimental rig that simulated the metal dusting 

environment, materials, experimental methodology and the equipment that was utilised 

to carry out the research. The research aimed to study the behaviour of surface 

modified 304L stainless steel in simulated metal dusting environments for varied time 

periods. The surface modification was achieved by copper pulse electroplating and 

ruthenium laser cladding.  

3.1 Materials 

The proposed alloy of study was 304L, which was subjected to surface modification by 

means of laser cladding with ruthenium. The standard composition of 304L is given in 

Table 3-1, as determined by the optical emission spectroscopy (OES).  

Table 3-1: Composition of the 304L stainless steel. 

 Composition of the element (wt.%) 

Alloy Ni Fe Cr Mn C Si S P 

304L 9.25 68.59 19.00 2.00 0.030 1.00 0.030 0.045 

 

3.2 Surface Modification 

The parameters used for the surface modification of the 304L stainless steel are shown 

below, both for electroplating with copper as well as laser cladding with ruthenium.   

3.2.1 Copper Electroplating 

Electroplating the stainless steel 304L with copper was performed using a three 

electrode electrochemical cell as shown in Figure 3.1. The electrochemical cell was 

connected to an Autolab 302 Potentiostat operated by Nova version 1.11 software. The 

surface pre-treatment was achieved by grinding the surface to an 80 grit SiC surface 

finish thereafter activated using a solution with composition 18.5 vol.% HNO3– 7.5 

vol.% HF– 74 vol.% H2O for 12.5 minutes. Stainless steel samples of 15mm x 15mm x 

4mm were plated in a conventional sulphate-sulphuric bath comprising of CuSO4·5H2O 

(67.5 g/L) and H2SO4 (225 g/L) in distilled water was used to electroplate the 304L 



Investigating the Metal Dusting Behaviour of Surface Modified 304L Stainless Steel  2019

 

45 | P a g e  
 

stainless steel with copper at room temperature of approximately 25ºC. The pulse 

electrodeposition method was used to apply the copper platings. A Ag/AgCl reference 

electrode was used, to measure the electrochemical potential used to apply the copper 

plating with deposition potentials of toff equalling 5 seconds and a steady potential of -

0.2 V and a ton of 10 seconds and a potential equal to -0.3 V at plating times of 30, 45 and 

60 minutes. Thereafter, the samples were annealed at 600ºC for four hours in a nitrogen 

atmosphere.  

 

 

 

 

 

 

The samples were subjected to a heat-quench coating adhesion test, according to ASTM 

B571-97. The annealed samples were heated to 250ºC, in a low pressure nitrogen 

atmosphere for 30 minutes and quenched in liquid toluene [1]. 

3.2.2 Laser Cladding 

The 304L substrate was laser cladded with 304L powder mixed with varied 

concentrations of ruthenium powder, at the National Laser Centre of Southern Africa 

using a 3 kW IPG Ytterbium Laser System, model YLS-3000-TR that has a wavelength of 

1073 nm and a fibre target of neodium yttrium aluminium laser. The ruthenium 

compositions were as shown in Table 3-2, the powders were pre-mixed using a 

turbulent mixer where every 100 g of powder was mixed using a medium of 25 steel 

balls with a 5 mm diameter amounting to a total mass of 20 g at a speed of 50 rpm. 

Anode- copper strip 

Reference electrode- Ag/AgCl 

Cathode- 304L stainless steel 

Figure 3.1: Electrochemical setup for the copper electroplating process. 
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Table 3-2: Target ruthenium compositions of the powdes used for the cladding. 

Sample 1 2 4 5 6 

Ru (wt %) 0.00 0.50 2.00 3.50 5.00 

 

The parameters that were used to apply the coatings were as follows: 

1. Laser Power: 1.75 kW. 

2. Scan Speed: 0.75 m/min. 

3. Using a carrier and shielding gas of argon. 

4. Mixed powder feed rate: 0.65 g/min. 

3.3 Material Characterisation 

The samples were subjected to metallographic preparation. They were ground with SiC 

of grades: 320, 600 and 1200 grit. Thereafter polished with 1 𝜇m alumina particle 

solution to a mirror surface finish. The stainless steel samples were etched in 10% oxalic 

acid, at 10 V for 60 s and the copper electroplated sample were etched in a 110 mL 

ethanol, 35 mL hydrochloric acid and 7.5 g ferric chloride solution.  

Material characterisation was achieved by analysing the samples with a field emission 

scanning electron microscope (FESEM- ΣIGMA, CARL ZEISS). The FESEM was used in 

conjunction with energy-dispersive x-ray spectroscopy (EDS) to determine the relative 

ruthenium and copper contents in the samples. The average grain size was calculated 

using the intercept technique as per ASTM E112-13 [2]. Where the Image J software 

version 1.8.0_112, was used in conjunction with the FESEM images to determine the 

grain size of the 304L stainless steel as-received sample and the copper electroplated 

samples. X-ray diffraction (XRD) analysis was also performed on the samples using 

XRD-D2 Phaser, to determine the phases that may have formed or precipitated as a 

result of the copper electroplating and laser cladding.  

The coating thicknesses were measured using the FESEM and glowing discharge optical 

emission spectroscopy (GDO-ES: Leco GDS-850A) for the copper electroplated samples. 
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FESEM was used to measure the coating thickness along the cross-section of the 

polished coated samples, the measurements were taken at three different positions and 

the average of the three measurements was taken as the thickness of the thickness.  The 

GDOES analysis was performed by placing the samples inside the glowing discharge 

source which is filled with argon, where the argon ions and the argon atoms collectively 

form plasma. Argon cations are accelerated towards the sample where they strike while 

displacing some atoms from the sample, therefore sputtering the atoms. The sputtered 

atoms diffuse into the plasma where they collide with high-energy electrons. During 

these collisions, energy is transferred to the sample atoms promoting them to excited 

energy states. When the samples return to the ground state, the atoms emit light with a 

characteristic wavelength spectrum resulting in their identification. The analysis was 

performed for 60 seconds per sample, to eliminate noise and at a sampling time of 0.01 

seconds to obtain high depth resolution. 

Hardness profiles were also performed on the samples using a FM-700 Vicker’s 

Microhardness Tester at a dwell time of 10 s and varied loads. The electroplated 

samples were indented using a load of 10 gf and the cladded samples were indented 

using a 1000 gf. 

3.4 Experimental Rig Design 

In this work the experiments were designed such that the water vapour is 

approximately 20% by volume. Figure 3.3 (a), shows the experimental rig used in this 

work. The experimental rig was initially modelled after a single toluene, gas stream 

process and then developed such that a steam reactor as shown in Figure 3.3 (b) was 

designed. 
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(a) 

 

(b) 

Figure 3.2: Shows the (a) metal dusting experimental rig and (b) schematic diagram of the steam reactor. 

The gas flowrates were measured using a bubble metre. The flowrate of the steam was 

controlled by assuming that the Law of conservation of matter was followed by the 

system such the density of steam at the production temperature may be used to 

determine the flow as follows: 

 Required steam flowrate: 20 mL/min 



Investigating the Metal Dusting Behaviour of Surface Modified 304L Stainless Steel  2019

 

49 | P a g e  
 

 Steam was created at 120°C,  𝜌𝑠𝑡𝑒𝑎𝑚,𝑎𝑡 120℃ = 0.001129 g/mL 

 

𝑄𝑠𝑡𝑒𝑎𝑚 =  𝑚̇ 𝜌𝑠𝑡𝑒𝑎𝑚,𝑎𝑡 120℃ 

𝑚̇ =  20𝑚𝐿/ min× 0.001129𝑔/𝑚𝐿  

𝑚̇ = 0.02258
𝑔

𝑚𝑖𝑛
 

Due to the Law of conservation of mass:  

Mass In = Mass Out 

∴ 𝑄𝑤𝑎𝑡𝑒𝑟  =
 𝑚̇

 𝜌𝑤𝑎𝑡𝑒𝑟,𝑎𝑡 25℃
  

=
0.02258 𝑔/𝑚𝑖𝑛

1 𝑔/𝑚𝐿
  

= 0.0226 𝑚𝐿/𝑚𝑖𝑛 

Condensation experiments were carried out to determine if the Law of Conservation of 

Mass was obeyed by the system and this was found to be true, the system does obey the 

Law. 

3.4.1 Safety Precautions 

 Gas detectors installed to detect carbon monoxide and hydrogen in the 

atmosphere in the event that there were leaks in the system.  

 The lab was well ventilated by keeping the windows open as well as adding an 

extra fan throughout the duration of the experiments. It was however, 

recommended that the setup be fitted in a fume hood for better ventilation and 

safety of the laboratory. 

 Flashback arrestors were fitted on the gas cylinders to prevent explosions. 
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3.5 Metal Dusting Exposure Tests 

The exposure of the samples to a metal dusting simulated environment, were 

conducted at 525ºC and 650ºC and analysed after varied exposure time periods of 7 and 

21 days. The temperatures used were based on studies that have been conducted before 

that show that metal dusting is prevalent at 525ºC and 650ºC[3,4]. The gas compositions 

used were based on work done by Hoffman [5] who emphasized that industrial 

processes often contain up to 40% H2O findings that in industrial processes. However, 

these high steam compositions have been performed with high pressures, which was 

not the case in the present work. The gas mixtures used were 20 vol.% CO- 60 vol.% H2–

20 vol.% H2O and 25 vol.% CO- 75 vol.% H2, with a flow rate of 100 mL/min. These 

gases produced different carbon activities and oxygen partial pressures as shown in 

Table 3-3. The 0,679 atm carbon activity was used as a result of the work conducted by 

De Bruyn et al. [3], where they found that metal dusting occurred in steam reformers at 

650ºC and activities as low as 0.28 atm. A ceramic (Al2O3) tube of 53 mm internal 

diameter was used to contain the samples during exposure with a length of 910 mm. 

 

Table 3-3: Carbon activity and partial pressure of each exposure gas and temperature. 

20 vol.% CO- 60 vol.% H2– 20 vol.% H2O 20 vol.% CO- 60 vol.% H2– 20 vol.% H2O 25 vol.% CO- 75 vol.% H2 

aC = 0.679 atm aC = 0.512 atm aC = 35 atm 

𝑃𝑂2
= 1.559 x 10-27 atm 𝑃𝑂2

 = 5.118 x 10-24 atm 𝑃𝑂2
= 1.012 x 10-24 atm 

525ºC 650ºC 650ºC 

 

All the samples i.e. untreated 304L stainless steel of 15 mm x 15 mm x 4 mm dimension, 

the copper elecotroplated samples and the laser cladded samples, were exposed to all 

three conditions shown in Table 3-3. 

The samples were ground to 500 SiC surface finish prior to exposure and 304L stainless 

steel was used as a reference. The furnace was purged with N2 gas for approximately 45 

minutes while the furnace was heated up to the temperature at which the experiments 
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were carried out at atmospheric pressure, in two gas mixtures of composition, which 

flowed at a rate of 100 mL/min for a maximum of 21 days, at a temperature of 650ºC.  

The gas mixture upon entering the furnace was at a total pressure of 1 atm and exited at 

1 atm. The mass of the samples was measured prior to exposure 

3.6 Post Exposure Characterisation 

Post exposure the samples were removed from the furnace where their mass was 

measured before and after cleaning in an ultrasonic bath with acetone for 10 minutes. 

Thereafter surface morphology and corrosion debris were studied using optical 

microscope (Olympus BX-510), FESEM in conjunction with EDS, Raman Spectroscopy, 

and low angle grazing-incidence x-ray diffraction (GIXRD). Raman spectroscopy was 

conducted using a Horiba Jobina-Yvon, LabRAM HR Raman Spectrometer, with an 

excitation wavelength of 514.5 nm with the use of an Argon ion laser, and three 

different areas were analysed on each sample. Grazing incidence x-ray diffraction 

(GIXRD) was conducted with a Bruker-D8 using Kα-Cu radiation as the internal 

reference, in the 20-90° θ range, using an incident angle range 2° and a scan rate of 

2°/min. 
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4 Results and Discussion 

The results section describes the characterisation of the materials in the as-received 

condition as well as the characterisation of the materials post exposure to an 

environment favourable for metal dusting. The materials that will be discussed in this 

section are: 

1. The 304L stainless steel control samples. 

2. The 304L stainless steel samples electroplated with copper for 30, 45 and 60 

minutes.  

3. The ruthenium laser cladded 304L stainless steel samples with ruthenium 

concentrations of 0 wt.% (cladded with 304L stainless steel powder only), 0.5 

wt.%, 2 wt.% and 5 wt.%.  

4.2  Stainless steel 304L 

4.2.1 Pre-exposure material characterisation  

The microstructure and material characterisation of the as-received 304L stainless steel 

were determined using the FESEM, the Vicker’s microhardness and phase analysis 

obtained from XRD analysis. 

 

Figure 4.1: FESEM-BSE micrograph of the austenitic 304L grains before exposure.  
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The microstructure analysis showed that the substrate was made up of relatively large 

austenitic grains, in the order of 40 µm as shown in Figure 4.1, determined according to 

ASTM E112-13 [1].  

The XRD analysis of the 304L stainless steel, revealed an FCC crystal structure and the 

typical 304L stainless steel peaks at 2θ of 51.5°, 60° and 90° as shown in Figure 4.2 [2].  

 

Figure 4.2: Typical XRD spectrum of the 304L stainless steel.  

A hardness profile of 10 indents was performed across the cross-section of the rolled 

304L stainless steel plate. The average Vicker’s hardness value obtained was 179 HV 

with a standard deviation of 2 HV [3]. The characterisation of the as-received stainless 

steel confirmed that it was 304L stainless steel.  

4.2.2 Post exposure results 

This section shows the post exposure analysis results obtained from the 304L stainless 

steel samples that were exposed to a metal dusting environment.  

4.2.2.1 Mass change results  

Post exposure samples were weighed to determine the mass change so as to determine 

a rough estimate of the rate of metal dusting [4-6]. This method of corrosion rate 

45 55 65 75 85 95

2θ 

γFe- austenitic iron 
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determination, as a penetration rate, is not accurate as metal dusting generally 

manifests itself as pitting and not uniform attack.  

 

Figure 4.3:  Mass change after exposure to an environment favourable for metal dusting for 504 hours at 525ºC (aC < 1 
atm), 650ºC (aC < 1 atm) and 650ºC (aC >> 1 atm). 

(a) Mass change results after exposure to aC < 1 atm 

In the first seven days of exposure the sample exposed to 525ºC with a carbon activity of 

0.657 atm and an oxygen partial pressure of 1.559x10-27 atm, underwent a mass loss. 

However, after further exposure the sample gained relatively large amounts of mass 

such that after 21 days the mass gained was approximately 1.2 mg/cm2 as shown in 

Figure 4.3.  

The sample exposed at 650ºCwhere the carbon activity and oxygen partial pressure 

were 0.512 atm and 5.118x10-24 atm respectively, also initially experienced mass loss 

during the first seven days of exposure. Thereafter the sample gained mass, however, 

the mass gain was not as high as the sample exposed at 525°C.  Figure 4.3 shows the 

mass gained after 21 days of exposure was approximately 0.40 mg/cm2.  

These results imply that the 304L samples may possibly have undergone general mass 

loss as a result of the initiation of corrosion attack, which slowed down with further 

exposure to the gaseous environment, resulting in mass gain. The mass gain is 
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suspected to be a result of the growth of an oxide scale on the sample as seen by other 

researchers [7-9]. 

(b) Mass change results after exposure to aC >> 1 atm 

In contrast the sample exposed at 650ºC containing a carbon activity of 35 atm with an 

oxygen partial pressure of 1.012x10-24 atm, gained mass regardless of the exposure 

period. However, the mass gain gradually slowed down such that after 21 days the 

mass gained was only 0.602 mg/cm2 as shown in Figure 4.3. The continued growth in 

mass may be attributed to self-healing of the oxide layer and/or the formation of coke 

as suggested by other researchers [10-12].  

(c) Exposure to low carbon activity (aC < 1 atm) 

FESEM investigation of the 304L stainless steel sample exposed for seven days in a 

metal dusting environment, with a carbon activity less than unity and a total pressure 

of 1 atm, at 525ºC, revealed that the sample formed a protective oxide layer and islands 

suspected to be corrosion that has formed on pits as shown in Figure 4.4. However, 

further analysis showed that the islands were a porous oxide that is rich in iron and 

high contents of silicon and manganese were detected by EDS. The presence of this 

porous oxide implies that it is highly probable that the stainless steel has undergone 

some attack as the porous oxide has low resistance to carbon ingress and that its 

formation was a result of the surface attempting to self-heal [13-15]. This has been the 

case in other studies [8,16] where the material underwent attack due to a break in the 

oxide layer and in an attempt to self-heal the substrate was unable to form a stable and 

protective oxide. In this work the same mechanism is suspected and it is postulated that 

the substrate was unable to self-heal due to the FCC structure of the 304L stainless steel 

which affords chromium a low diffusion coefficient, coupled with the relatively low 

exposure temperature therefore promoting the formation of a rich iron oxide which is 

not protective [17,18]. The formation of the porous oxide and the possible attack of the 

substrate underneath it explain the initial mass loss during the first seven days of 

exposure. 
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(a)  

 
(b) 

Figure 4.4: (a) FESEM-BSE  and (b) FESEM-SE micrographs of 304L exposed for seven days at 525ºC showing minor 
amounts of corrosion debris, carbon deposits and areas of attack (a) low magnification and (b) high magnification. 

In contrast the sample exposed to 650ºC for seven days, underwent damage of the 

protective oxide that formed during exposure and it was observed that surface 

intergranular attack was initiating, as the grain boundaries can be distinctly seen. It also 

appeared as if pitting was initiating on the exposed substrate as shown in Figure 4.5 (b). 

The protective oxide failed by spalling and this is suspected to be a result of the 

instability of the oxide layer that formed. This would be the case because the oxygen 

partial pressure of 5.118 x 10-24 atm is conducive to the formation of chromites rather 

than the stable oxide. Secondly, the stresses induced during the growth of the oxide 

layer coupled with the exposure to a relatively high temperature resulting in faster 

kinetics, would cause the spalling of the oxide [19,20].  The faster kinetics effect is two-

fold, (i) it hastens the growth of the oxide layer which results in greater stress build up 

and (ii) the increased dissolution of the grain boundaries which reduced the available 

diffusion paths hence the absence of the iron rich porous oxide [21-23]. 
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(a)  

 
(b)  

Figure 4.5: FESEM-BSE micrographs of 304L exposed for seven days at 650ºC showing minor amounts of corrosion 
debris, spalled oxide layer and the substrate at (a) low magnification and (b) high magnification. 

The surface appearance of 304L after 21 days of exposure at 525ºC is shown in Figure 

4.6 (a), where no significant coke deposition was observed. However, a porous oxide 

rich in manganese and silicon formed depicted by (A) in Figure 4.6 (a), with chromium 

content lower than the nominal amount in 304L was present. Additionally, on the 

porous oxide, EDS analysis revealed a prominent carbon peak, implying the presence of 

carbon within the porous oxide as shown in Figure 4.6 (b). The presence of the carbon 

on the porous oxide, implies that the oxide deposit was not protective therefore leading 

to catalysed carbon deposition. This is also suggested by others who have encountered 

such porous deposits [8] where similar deposits with a nodular shape were observed 

that contained iron, chromium and oxygen. Melo-Maximo et al. [8] found this type of 

oxide on 304L after just 2.5 hours of exposure which continued to grow, in a CH4-H2-

O2(residual) environment at 800ºC. They concluded that it was mainly Fe2O3 and it was 

porous therefore catalysing carbon deposition and mass gain. Additionally, the partial 

pressure of oxygen 1.559 x 10-27 atm is suitable for the formation of hematite [9,24]. It is 

therefore postulated that the continued growth of this oxide caused the consistent 

increase in mass gain.  
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(a) 

 

(b) 

Figure 4.6: (a) FESEM-BSE image of the 304L surface after 21 days of exposure at 525ºC where (A) shows the porous 
iron rich oxide formed, (B) where the oxide spalled revealing the substrate, (C) oxide particles rich in chromium and 
(D) carbon rich particles deposited on the 304L stainless steel sample. (b) EDS analysis of the porous iron rich oxide 

(A). 

There are areas at which the oxide had spalled as shown by (B) in Figure 4.6 (a), 

revealing the 304L substrate.  There were small particles at (C) on the surface, which 

were found to be oxides rich in chromium with minor amounts of manganese and 

silicon.  Where (D), shows the carbon rich deposits identified on the surface of the 304L 

stainless steel sample post exposure. 

0

10

20

30

40

50

60

C O Si Cr Fe

w
t%

 

Element 

EDS Analysis 



Investigating the Metal Dusting Behaviour of Surface Modified 304L Stainless Steel  2019

 

59 | P a g e  
 

Exposure at 650ºC for 21 days, revealed that an oxide layer formed but had spalled, 

revealing the substrate as shown in Figure 4.7 (a) and (b). The substrate underwent 

pitting attack and intergranular degradation inside the pits as shown in Figure 4.7 (a). 

In addition, there were areas on which carbon was deposited and these are 

characterised by the black deposits shown in Figure 4.7 (b).  Additionally, a porous 

oxide rich in iron also covered the surface. This oxide is similar to the one observed on 

the sample exposed at 525ºC- hematite. The growth of the oxide could have been a 

consequence of the relatively low partial pressure of oxygen that is conducive for 

hematite formation compounded by the depletion of the chromium oxide at the surface. 

Chromium has relatively low diffusion co-efficient of approximately 1.3x10-16 m2/s at 

650ºC and even lower in 525ºC in austenitic 304L stainless steel which is mostly 

attributed to its FCC structure and as a result diffuses at relatively low rates, resulting 

in limited replenishment of the chromium at the surface [25]. The depletion of the 

chromium therefore allowed for the rich iron oxide formation [26,27]. The growth of 

this oxide, the continued spalling of the oxide and the possible attack below the oxide of 

the fresh substrate offset each other resulting in a slower growth of the oxide, hence the 

lower mass gain after 21 days of exposure.  

 

(a) 

 

(b) 

Figure 4.7: FESEM-BSE images of 304L surface after  21 days at 650ºC showing (a) spalled oxide and the grain 
boundary etching inside the pit  and (b) iron rich porous oxide, revealed substrate and carbon. 
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The Raman spectra shown in Figure 4.8 are the analyses of the corrosion products 

produced after 21 days of exposure to a metal dusting favourable environment. For 

statistical significance three areas were sampled on each sample. Raman analysis 

revealed similar corrosion products for the 304L stainless steel samples exposed at both 

525 and 650ºC with minor differences.  

Analysis of the sample exposed at 525ºC, revealed the presence of hematite (Fe2O3), a 

chromite solid solution (Fe,Ni)Cr2O4, and Cr2O3. The chromite solid solution 

(Fe,Ni)Cr2O4 is shown by the broad peak that ranges from 600-740 cm-1, which is the 

region where the rim of the chromite grain that peaks at 642 cm-1 and the core of the 

chromite grain which peaks at 692 cm-1 [28-30]. In the same wave number region lies the 

Cr2O3 peak at approximately 646-648 cm-1 [31,32]. 

 

Figure 4.8: Raman spectra obtained on the surface of the 304L stainless steel samples exposed at both 525ºC and 
650ºC. 

Whereas the Raman spectra obtained for the sample exposed to 650ºC, for 21 days, 

showed that the sample had formed Cr2O3 at a Raman wavelength of approximately 

558 cm-1, as well as variations of the  (Fe,Ni)Cr2O4 solid solution depicted by peak 698 

cm-1 with the chromite rim found at 642 cm-1. Hematite was also observed however, at 
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very low intensities and this is evident in the slightly increased intensity of the D-band 

peak (1300 cm-1) where the Fe2O3  can be found. 

The D and G peaks of carbon on the exposed samples were observed under Raman 

spectroscopy for the samples exposed at both 525 and 650°C. This result is in agreement 

with the findings of Ferrari who found the D (1350 cm-1) and G (1682 cm-1) bands 

representative of disordered and ordered carbon respectively. The G band is often 

synonymous with graphite [33-35]. The nature of the carbon observed on this sample 

was crystalline and graphitic in nature, although the D and G bands had shifted to 

higher wave numbers, due to the thin bandwidths and the ID/IG ratio in the range of 

1.01 and 1.05 that was obtained for both exposure temperatures, it can be concluded 

that the carbon was graphitic in nature. Increasing exposure temperature from 525 to 

650ºC decreased from 1.05 to 1.01 suggesting increased propensity for metal dusting. It 

has to be noted that the D band for the sample exposed at 525ºC, is exaggerated by the 

Fe2O3 peak, often observed between 1300 and 1400 cm-1, therefore widening the peak. 

Figure 4.9 (a), shows the results obtained from GIXRD analysis, which indicate the 

presence of austenitic iron at the surface as well as the presence of the chromium oxide 

and hematite, at the shallow peaks at 35.6 and 41° respectively.  An interesting 

observation is that the oxide layer can be seen, though thin on the cross-section FESEM 

as shown in Figure 4.9 (b) and (c). In contrast the cross-section of the sample exposed at 

650ºC in Figure 4.9 (c), shows the presence of an oxide on the surface which is relatively 

thick compared to the sample exposed at 525ºC. Internal oxidation can also be observed 

on this sample, as well as minor cracking highlighted in Figure 4.9 (c). This implies that 

the environment was conducive to self-healing of the oxide layer, but supporting the 

preferential oxidation of the iron and not the chromium. 
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(a) 

 

(b) 

 

(c) 

Figure 4.9: GIXRD spectra obtained on the surface of the 304L stainless steel samples exposed at both 525ºC and 
650ºC. FESEM-BSE cross-section images of the 304L sample exposed at (a) 525ºC and (b) 650˚C. 

4.2.2.2 Exposure to high carbon activity (aC  >> 1 atm) 

The 304L stainless steel sample was exposed to an environment containing a carbon 

activity of 30 atm at 650ºC. Analysis of the stainless steel 304L after seven days of 

exposure showed that the material did not undergo any mass gain or loss. However, it 

did form a porous oxide rich in iron. This oxide did spall in some areas while it appears 

to have self-healed as shown in Figure 4.10. The spalling of the oxide is suspected to be 

a result of the stresses that occurred as a result of the growth of the oxide, whereas the 

self-healing is caused by the high affinity of iron to oxygen [21-24]. The oxide failed in 
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some areas revealing the substrate, however no significant damage was observed on the 

exposed substrate. No pitting and any grain boundary damage was observed on the 

exposed surface. There were deposits of carbon debris on the surface of the exposed 

304L stainless steel. 

 

Figure 4.10: FESEM-BSE micrographs of 304L exposed for seven days at 650ºC showing the spalled oxide, the 
substrate and iron rich porous oxide. 

A similar result was observed on the sample exposed for 21 days, where the porous, 

iron rich oxide had formed on the exposed surface as shown in Figure 4.11. However, it 

was observed that larger areas of the substrate were exposed to the gaseous 

environment. The obtained results are suspected to be a result of the oxygen partial 

pressure of 1.012 x 10-24 atm, which is conducive for the formation of chromites and 

hematite rather than the stable and protective chromium oxide.  It does not prevent gas 

ingress to the substrate and can be easily broken down by growth stresses, thereby 

leaving the substrate vulnerable to attack. Additionally, exposure to high temperatures 

may be accelerating the degradation of the oxide formed, therefore depleting the 

chromium much faster and thereby enhancing the iron rich oxide formation on the 

surface [26,27].  
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Figure 4.11: FESEM-BSE micrographs of 304L exposed for 21 days at 650ºC showing the spalled oxide, the substrate 
and iron rich porous oxide. 

In addition the Raman spectra indicates the presence of the hematite, depicted by the 

presence of the shallow peaks seen at approximately 200, 220,350, 430 cm-1, including 

the intense peak at ≈ 1300 cm-1. Chromium oxide (Cr2O3) at ≈ 683 cm-1 and the iron 

chromite (FeCr2O4) at ≈ 554 cm-1 were evident on the Raman spectra as well. Moreover 

the Raman spectra revealed the presence of graphitic carbon shown by the sharp G 

band in Figure 4.12 (a).  Figure 4.12 (a) shows the presence of both the D and the G band 

with the D band with a higher intensity. The high intensity of the D band is attributable 

to the hematite peak found at 1300 cm-1.  The GIXRD analysis, also indicated the 

presence of hematite shown by the shallow peak at 41°, and the presence of the 

austenitic iron at the surface. The presence of the austenitic phase implies that the oxide 

layer that formed was relatively thin and this is evident in the cross-section image in 

Figure 4.13.  
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(a) 

 

(b) 

Figure 4.12: (a) Raman and (b) GIXRD spectra obtained on the surface of the 304L stainless steel samples exposed at 
650ºC for 21 days. 

The cross section results show that the sample underwent some attack as valleys 

indicative of pits can be observed on the cross-section, but no internal sub-surface 

oxidation or carburisation can be observed. However, it was observed that cracking 

initiated at the sub-surface.  
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Figure 4.13: FESEM-BSE cross-section image of the 304L sample exposed at 650ºC. 

4.2.3 Discussion 

The generally accepted metal dusting mechanism of 304L stainless steel occurs via the 

dissolution of carbon into the 304L stainless steel substrate, which results in 

supersaturation of the steel with carbon. The supersaturation leads to the formation of 

graphite that causes volume expansion that subsequently causes material disintegration 

[36-38]. In this work 304L stainless steel was studied in both aC < 1 atm and aC >> 1 atm 

environments that were conducive for metal dusting to understand the behaviour of the 

304L relative to 304L stainless steel that has been treated.  

 

The exposed 304L stainless steel gained mass at most of the exposure times and 

temperatures implying that the alloy formed an oxide layer, as identified  using Raman 

analysis. No significant metal dusting attack was observed on the surface of the 

exposed 304L stainless steel samples. However, the samples formed a protective oxide 

layer as well as a porous rich oxide suspected to be hematite (Fe2O3) layer. The iron rich 

layer  is suspected to have buried the attack as it was very prominent particularly after 

21 days of exposure. The protective oxide layer was expected due to the relatively high 

chromium content in 304L stainless steel of approximately 18 wt.%. It was postulated 
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that the hematite forms on the surface of the samples in the regions and areas after the 

oxide layer that formed initially cracked and spalled. This cracking and spalling of the 

oxide would be a result of stresses caused by oxide formation, and could lead to the 

depletion of chromium, therefore resulting in an unstable oxide. This subsequently 

resulted in the exposure of the 304L stainless steel substrate to the corrosive gaseous 

environment as was the case in Figure 4.6, 4.7 and 4.10.  The depletion of the chromium 

was due to the slow diffusion of the chromium in the FCC material. The exposed 304L 

stainless steel therefore attempts to self-heal by forming an oxide, however the oxide 

formed is rich in iron because of the high affinity that iron has to oxygen and it is the 

most abundant species available to react with the oxygen. Consequently, promoting the 

formation of the iron rich oxide similarly to what was found by Hänsel et al. [7].  

 

Additionally, it was suspected that the relatively low partial pressure of oxygen 

promoted the formation of hematite identified by Raman Spectroscopy, rather than that 

of the chromium oxide layer [24]. The porosity of the hematite allowed for easy 

diffusion of the corrosive gases to the surface of the substrate allowing for the catalysis 

of the deposition of carbon, hence the presence of the graphitic carbon [39,40].However, 

there was attack that was initiating on the surface of the samples. 

 

The GIXRD and Raman spectra results obtained for this alloy are found to be consistent 

with Szakálos [20,24] work where he simulated on ThermoCalc 304L stainless steel 

exposed to a high temperature environment. Szakálos [20,24] found the dominant 

phases when the PO2 of oxygen is between 10-24 and 10-28 atm, are the austenite and 

FeCr2O4 phases Szakalos deduced that the 304L was prone to metal dusting which is 

caused by the simultaneous attack of carbon and oxygen, hence the materials formed an 

oxide layer that failed and metal dusting was in the initiation stage [20,24]. The 

presence of the graphitic carbon also emphasise that metal dusting was initiating on the 

samples.  
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4.2.4 Chapter Summary  

 A study was conducted to determine the behaviour of 304L stainless in a metal dusting 

favourable environment at two different temperatures 525ºC and 650ºC, for two 

different time periods 7 and 21 days, at two low carbon activities, 0.679 and 0.512 atm, 

and high a carbon activity of 35 atm. The study showed that exposure of the 304L 

stainless steel resulted in the formation of a mixture of the protective oxide and the 

porous iron rich oxide, which was adherent and continuous, resulting in minimum 

attack after seven days of exposure. However, after longer exposures the oxide layer 

failed and the substrate was exposed to form mostly porous iron rich oxide, which 

catalysed carbon deposition. This implied that metal dusting had initiated and was 

continuing. The formation of this, rich iron oxide is evidence of the self-healing nature 

of the oxide to form a hematite oxide layer. Although self-healing did occur, the 

presence of the graphitic carbon is evidence for the initiation of metal dusting. 
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4.3 Copper Electroplating 

This section outlines the characterisation of samples before  and after exposure to the 

metal dusting environment.  

4.3.1 Pre-exposure material characterisation 

4.4.1.1 Microstructural Analysis 

The visual analysis of the annealed samples as shown in Figure 4.14 showed that these 

samples have relatively large grains, implying that the annealing process resulted in 

grain recrystallization which yielded large continuous gains. These grains are regular 

shaped and distinct. The average grain size in the un-etched condition, observed for the 

annealed samples is 5.95, 7.56 and 7.70 μm respectively. From this it is observed that 

increasing the plating time resulted in increased grain size.  

 
(a) 

 
(b) 

 
(c) 

Figure  4.14: FESEM-BSE images of annealed and un-etched samples copper electroplated for (a) 30 minutes, (b) 45 
minutes and (c) 60 minutes. 
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The annealed copper electroplated samples in the etched condition, exhibited relatively 

small grains (200 nm or less), in the nano-meter size range, Figure 4.15. These nano 

sized grains have been reported in other pulse plating studies as well, and it was 

associated with a smooth surface finish with good adhesion and low porosity, which 

has been the case for the coatings in this study as confirmed by the cross-section 

analysis shown in Figure 4.16 and the adhesion tests performed and shown in Figure 

4.17 [1-5]. The nano-crystallites appear to increase in size with increasing plating time.  

 

(a) 

 

(b) 

 

(c) 

Figure  4.15: FESEM-BSE images of annealed and etched samples copper electroplated for: (a) 30 minutes, (b) 45 
minutes, and (c) 60 minutes. 

The copper plated coating covered the entire 304L stainless steel substrate 

homogeneously. Coating thickness was characterised using FESEM by measuring the 

coating along the cross-section of the coated samples as shown in Figure 4.16 and 
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GDOES, where the GDOES depth profiling indicated that the coatings were 24.86, 30.36 

and 50 µm thick. Both techniques showed that the copper electroplated samples 

adhered well to the substrate forming an overlay coating where the coating-substrate 

interface was clearly visible. Such that there was no significant mixing between the 

substrate and the coating, a clear transition could be seen at the coating-substrate 

interface, and the copper did not diffuse into the substrate as is evidenced by the 

relatively sharp decline of the copper graph in Figure 4.18. The copper concentration 

has a relatively steep slope just before it is entirely not present and the copper 

concentration was recorded as 0wt% for all the plated samples. 

 

 

 

 

 

 

 

To confirm the adhesion of the coating, a heat-quench adhesion test was performed and 

the adhesion results are shown in Figure 4.17. The coatings experienced blistering and 

this was attributed to the entrapment of the plating solution during the deposition 

process. No peeling was observed adjacent to these blisters. Therefore, the coatings 

exhibited superior adhesion as indicated by the ASTM B571-97 standard [6]. However, 

it was noted that these blisters can become areas of initiation of the attack of the coating, 

as they can easily be eroded away by the fast moving gases in the exposure 

environment. 

Cu film 

304L substrate 

Figure 4.16: FESEM-BSE showing the difference between the copper coating and the 304L stainless steel 
substrate, as well as typical measuring points to determine coating thickness. 

Coating-substrate interface 
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Figure  4.17: Heat-quenched of the copper electroplated samples. 

Elemental analysis of the copper coatings obtained from GDOES analysis indicated that 

the coatings consisted of copper only, with no contaminants except for the sample 

plated for 60 minutes. GDOES analysis indicated that the copper coating contained 

approximately 8% oxygen along its depth profile, this was suspected to be trace oxygen 

during the annealing process, as will be evidenced by the XRD analysis. The copper and 

iron depth profiles also show a variation in the concentrations close to the transition 

point as shown in Figure 4.18 (c). 
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(a)   

 
(b)  

 
(c)  

Figure 4.18: GDOES plots of depth vs wt% of the electroplated copper samples and the elemental concentration 
profile of Fe, Ni, Cu, Cr, C, Ni and O at the interface of the copper plated 304L samples: (a) 30 minutes, (b) 45 minutes 

and (c) 60 minutes. 
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4.3.1.2 XRD surface characterization 

X-ray diffraction characterisation of the copper electroplated surface indicated the 

presence of copper and copper oxide (Cu2O) after annealing as shown in Figure 4.19. 

Therefore, the electroplated samples were entirely covered by the plating, since no 

stainless steel phases were detected. 

 

 

Figure  4.19: XRD spectra of surface of the samples electrodeposited with copper for 30, 45 and 60 minutes. 

 

4.4.1.3 Hardness Profile 

The hardness of the copper coating at the 304L interface increased with increasing 

plating time as shown in the hardness profiles in Figure 4.20. The average hardness of 

the coatings were 43, 55 and 66 HV for the 30, 45 and 60 minutes electroplated samples 

respectively. This was unexpected because the etched microstructural analysis showed 

that the copper electroplatings consist of nano-sized grains with their size that increased 

with increasing plating time. Therefore coating thickness could have contributed to the 

increase in hardness and possibly the introduction of residual stresses. However, the 

304L substrate hardness remained constant at an average of 180 HV.  

20 30 40 50 60 70 80 90

2θ 

30 minutes 45 minutes 60 minutes

Cu
2
O 

Cu 



Investigating the Metal Dusting Behaviour of Surface Modified 304L Stainless Steel  2019

 

79 | P a g e  
 

 

Figure  4.20: Hardness profiles at the interface of the cross-section of the electroplated 304L stainless steel. 

4.3.2 Post-exposure results 

After exposing the samples to a metal dusting environment, the samples were analysed 

using the FESEM, XRD-grazing incidence and Raman spectroscopy. A cross-sectional 

analysis was also conducted using the FESEM. 

4.3.2.1 Mass Change results 

 

Figure  4.21: Change in mass of the 304L stainless steel copper electroplated for 30,45 and 60 minutes, exposed for 21 
days at 525 and 650˚C. 
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The change in mass of the copper electroplated samples was measured after exposure to 

a metal dusting favourable environment. Figure 4.21 shows the changes in the mass of 

the copper electroplated samples. 

(a) Mass change results after exposure to aC < 1 atm 

Mass change due to exposure to 525˚C over a period of 21 days with an aC of 0.657 atm 

and a PO2 of 1.559x10-27 atm, only occurred on the sample electroplated for 30 minutes 

and not on any of the other exposed samples. The sample lost a total mass of 

1.15mg/cm2 after 21 days of exposure as shown in Figure 4.21. It was postulated that 

the mass loss was caused by oxidation of the copper coating.  

After exposure to the metal dusting environment at 650˚C with a carbon activity of 

0.512 atm and partial pressure of oxygen, 5.118 x 10-24 atm, for 21 days; the samples on 

which copper was electrodeposited for 30 and 45 minutes exhibited mass loss. 

However, the sample electroplated for 60 minutes, did not show any mass change. 

Where the sample plated for 30 minutes lost 0.59 mg/cm2 after seven days of exposure 

and then started to gain mass after continued exposure, this increase in mass is 

postulated to be a result of the mass gained by the substrate as continued exposure to 

the corrosive environment results in the exposure of the substrate, this will be further 

discussed under the cross-section results.  

The sample plated for 45 minutes gradually lost mass over the exposure period, in total 

1.33 mg/cm2 over the exposure period of 21 days, as shown in Figure 4.21. It was 

postulated that the mass loss was caused by oxidation of the copper coating.  

(b) Mass change results after exposure to aC >> 1 atm 

The copper plated samples were exposed to a metal dusting environment at 650˚C 

containing a carbon activity of 35 atm. All the exposed samples showed a mass loss over 

the exposure period, with the highest mass loss on the sample plated for 30 minutes. 

After 21 days of exposure the sample electroplated for 30 minutes showed a total mass 

loss of 2.10 mg/cm2. However, the samples electroplated for 45 and 60 minutes only 
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lost 0.778 and 0.771 mg/cm2 respectively after 21 days of exposure as shown in Figure 

4.21. 

4.3.2.2 Exposure to low carbon activity (aC < 1 atm) 

The copper plated samples exhibited surface degradation for the samples exposed at 

525˚C after seven days, with an aC of 0.657 atm and a PO2 of 1.559x10-27 atm as shown in 

Figure 4.22, though relatively low or no mass losses were observed. The FESEM images 

of the samples exposed at 525˚C showed that the samples plated for 30 and 45 minutes 

were relatively rough with large grains on the surface Figure 4.22 (a) and (c). The 

sample plated for 30 minutes indicated areas of corrosion debris and holes in the copper 

plating. The microvoids observed on the 60 minutes plated sample are speculated to be 

a result of corrosion attack as the microvoids/pores were not observed pre-exposure. 

In contrast the FESEM analysis of the samples exposed at 650˚C for seven days, showed 

a rough surface with pores on the 30 minutes plated sample as seen in Figure 4.22 (b), in 

contrast to the 45 and 60 minutes plated samples which exhibited relatively smoother 

surfaces, very few pores, with the grinding lines still visible as shown in Figure 4.22 (d) 

and (f). 

The sample on which copper was deposited for 30 minutes exposed at 650˚C exhibited 

the largest pores and in those pores is a structure that is made up of smaller grains as 

seen in the highlighted area in Figure 4.22 (b). These visible smaller grains are suspected 

to be the micron and nano-particles that make up the coating as shown in Figure 4.15. 

Furthermore, these pores appear to be as a result of the grains being dislodged from the 

structure, appearing as if the dislodging occurs due to attack of the copper along the 

grain boundaries as indicated by the area labelled A, in Figure 4.22(b). 
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(a) 30 minutes electroplated sample, exposed at 525ºC 

 
(b) 30 minutes electroplated sample, exposed at 650ºC 

 
(c) 45 minutes electroplated sample, exposed at 525ºC 

 
(d) 45 minutes electroplated sample, exposed at 650ºC 

 
(e) 60 minutes electroplated sample, exposed at 525ºC 

 
(f) 60 minutes electroplated sample, exposed at 650ºC 

Figure  4.22: FESEM-BSE images after seven days of exposure for samples electroplated for (a) 30 minute exposed at 
525ºC (b) 30 minutes exposed at  650ºC, (c) 45 minutes exposed at 525ºC, (d) 45 minutes exposed at 650ºC, (e) 60 

minutes exposed at 525ºC and (f) 60 minutes exposed at 650ºC. 
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The sample on which copper was deposited for 45 minutes also exhibited pores, 

however, the pores were smaller in size relative to those observed on the sample 

electroplated for 30 minutes. Moreover, corrosion debris was deposited on the sample. 

It was also much clearer that the pores occur on the grain boundaries indicating that the 

sample undergoes intergranular attack. The 60 minutes plated sample did not have any 

pores but there are areas that appear to be uneven where it looks like the attack was 

being initiated as highlighted in Figure 4.23 (d). However, no significant attack was 

observed on the 60 minutes plated sample. The pores observed on this sample are 

suspected to be a result of corrosion attack as they were not observed on the as-received 

samples as shown in Figure 4.14. 

Analysis of the copper electroplated samples after 21 days of exposure at 525ºC, 

indicated that the coatings had increased porosity but this porosity appeared to 

decrease with increasing deposition time.  The pore size seemed to fluctuate, with the 

sample deposited for 30 minute exhibiting the largest pores and the sample deposited 

for 45 minutes containing the smallest pores. An anomaly was that the sample on which 

copper was deposited for 60 minutes  formed larger pores than the 45 minutes sample. 

The pores are not clearly defined on the sample electroplated for 60 minutes however, it 

was observed that there was an intergranular type pattern of attack as highlighted in 

Figure 4.23 (e). No carbon was detected using EDS on these samples, however copper 

and oxygen were detected in high quantities indicating the formation of a copper oxide 

layer on the samples as well as other substrate ions such iron. 

After exposure at 650ºC for 21 days the copper plated samples were analysed, using 

FESEM it is seen that the 30 and 45 minutes plated samples had pits on them, where the 

30 minutes sample had larger pits which were fewer than the smaller and many pits 

found on the 45 minutes plated sample as indicated in Figure 4.23 (c) and (e). No pits or 

pores were observed on the 60 minutes plated sample in fact the coating had no 

indication of any attack, only corrosion debris was visible on the sample surface. 
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(a) 30 minutes electroplated sample, exposed at 525ºC 

 
(b) 30 minutes electroplated sample, exposed at 650ºC 

 
(c) 45 minutes electroplated sample, exposed at 525ºC 

 
(d) 45 minutes electroplated sample, exposed at 650ºC 

 
(e) 60 minutes electroplated sample, exposed at 525ºC 

 
(f) 60 minutes electroplated sample, exposed at 650ºC 

Figure 4.23: FESEM-BSE after 21 days of exposure for samples electroplated for (a) 30 minutes exposed at 525ºC, (b) 
30 minutes exposed at 650ºC, (c) 45 minutes exposed at 525ºC, (d) 45 minutes exposed at 650ºC, (e) 60 minutes exposed 

at 525ºC and (f) 60 minutes exposed at 650ºC. 
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(a) 

 

 

(b) 

Figure  4.24: (a) Raman spectra and (b) GIXRD spectra of the samples copper electroplated for 30, 45 and 60 minutes 
exposed for 21 days. 
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(a) 30 minutes electroplated sample, exposed at 525ºC 

 
(b) 30 minutes electroplated sample, exposed at 650ºC 

 
(c) 45 minutes electroplated sample, exposed at 525ºC 

 
(d) 45 minutes electroplated sample, exposed at 650ºC 

 
(e) 60 minutes electroplated sample, exposed at 525ºC 

 
(f) 60 minutes electroplated sample, exposed at 650ºC 

 

Figure  4.25: FESEM-BSE cross-section after 21 days of exposure for samples (a) 30 minutes exposed at 525ºC, (b) 30 
minutes exposed at 650ºC, (c) 45 minutes exposed at 525ºC, (d) 45 minutes exposed at 650ºC, (e) 60 minutes exposed at 

525ºC and (f) 60 minutes exposed at 650ºC. 
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All the exposed samples formed cuprous oxide on the exposed surface at both 525ºC 

and 650ºC, as characterised by the Raman and GIXRD spectra shown in Figure 4.24 (a) 

and (b) respectively. There was also some metallic copper as shown by the GIXRD 

analysis. 

The cross-section of the copper coatings shows that the samples on which copper was 

deposited on for 30 minutes and 45 minutes were porous after exposure. The 30 

minutes sample exposed at 650ºC, for 21 days resulted in the copper almost being 

entirely removed as seen in Figure 4.25 (b). No internal subsurface oxidation or cracking 

was observed on any of the samples except the sample electroplated for 30 minutes and 

exposed at 650ºC. The copper coating shielded the 304L from attack, from the gaseous 

aggressive environment on the majority of the samples. The coatings did, however 

exhibit poor adhesion as it can be distinctly seen that the coating is delaminating from 

the surface of the 304L.  

4.3.2.3 Exposure to high carbon activity (aC >> 1 atm) 

FESEM investigation of the samples exposed at 650˚C, to high carbon environment of aC 

= 35 atm, after seven days showed that the copper coatings remained intact. However, 

pores formed on the coating as a result of copper oxidation. The pores density 

decreased with increasing coating deposition time as shown in Figure 4.26. It appears 

that these pores initiate at the grain boundaries and eventually agglomerate to form 

large pores. The copper oxidation was initially intergranular, and appears to eventually 

become intragranular since complete grains are removed.  
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(a) 30 minutes electroplated sample, exposed at 650ºC 

 

(b) 45 minutes electroplated sample, exposed at 650ºC 

 

(c) 60 minutes electroplated sample, exposed at 650ºC 

Figure 4.26: FESEM-BSE images of samples after seven days of exposure to 650ºC for samples plated for: (a) 30 
minutes, (b) 45 minutes and (c) 60 minutes. 
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After 21 days of exposure the samples, under FESEM analysis, exhibited the same 

behaviour as the samples exposed to a metal dusting environment for seven days. 

Though, the oxidation had occurred to a larger extent, such that all the samples had 

formed pores on the surface. In addition the copper coating on the sample electroplated 

for 30 minutes was entirely removed in some areas, exposing the substrate, which 

catalysed carbon deposition, hence the black areas in Figure 4.27 (a).  The porosity of the 

exposed samples is postulated to have provided the corrosive gases access to the 

substrate which allowed for catalysis of solid carbon deposition.  

 

(a) 30 minutes electroplated sample, exposed at 650ºC 

 

(b) 30 minutes electroplated sample, exposed at 650ºC 

 

(c)  45 minutes electroplated sample, exposed at 650ºC 

 

(d) 60 minutes electroplated sample, exposed at 650ºC 

Figure  4.27: FESEM-BSE after 21 days of exposure for samples plated for (a) 30 minutes at low magnification (b) 30 
minutes at high magnification, (c) for 45 minutes and (d) for 60 minutes. 

The samples exposed to a high carbon activity containing environment behaved in a 

similar manner as those exposed to a low carbon environment (aC < 1), by forming 



Investigating the Metal Dusting Behaviour of Surface Modified 304L Stainless Steel  2019

 

90 | P a g e  
 

cuprous oxide as characterised by the Raman and GIXRD spectra shown in Figure 4.28 

(a) and (b) respectively. All the copper electroplated samples had carbon deposited on 

them after 21 days of exposure as shown by the presence of the D and G bands in 

Figure 4.28. The carbon was amorphous in nature with an ID/IG ration less than unity, 

falling in the range between 0.84-0.95 [7-9]. The GIXRD analysis showed the presence of 

copper on the surface as well. Additionally, there was carbon deposited on the surface 

of the electroplated samples as shown by the Raman spectra in Figure 4.28 (a). 

 

(a) 

 

(b) 

Figure 4.28: (a) Raman spectra and (b) GIXRD spectra of the copper electroplated samples exposed for 21 days at 
650ºC. 
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(a) 30 minutes electroplated sample, exposed at 650ºC 

 
(b) 45 minutes electroplated sample, exposed at 650ºC 

 
(c) 60 minutes electroplated sample, exposed at 650ºC 

 
Figure 4.29: FESEM-BSE cross-section after 21 days of exposure at 650ºC, with a carbon activity of 35 atm,  for 

samplescopper plated for: (a) 30 minutes (b) 45 minutes (c) 60 minutes. 

The cross-sectional analysis of the samples electroplated for 30 and 45 minutes showed 

that the corrosive gases penetrated to the substrate interface, as shown in Figure 4.29 (a) 

and (b). However, the sample electroplated for 60 minutes as shown in Figure 4.29 (c), 
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there was no evidence of the substrate- interface interacting with the corrosive gases 

and this is hypothesised to be a result of the relatively thick coating preventing the 

ingress of the gases.  

4.3.3 Discussion 

A general observation was that most of the samples did not undergo significant mass 

loss in the first seven days and maintained relatively the same mass, and yet there was 

evidence of surface degradation. It is proposed that the copper samples underwent a 

cyclic process of corrosion and self-healing where the copper oxide formed would form 

and subsequently decompose freeing up oxygen and copper ions to form further copper 

oxide. This concept would need further study using Thermo Gravimetric Analysis 

(TGA), which tend to be more sensitive to mass changes leading to more accurate mass 

changes and subsequently a more precise study of the kinetics of copper oxidation. 

The copper coatings imparted complete protection of the coated substrate against metal 

dusting.  The results obtained for the exposed samples confirm what other researchers 

[10-15] have found, that copper is non-catalytic to carbon deposition therefore 

preventing metal dusting by inhibiting subsequent metal dusting steps such as the 

dissolution of copper and graphite formation. This protection was independent of how 

thick the coating was and this was confirmed by others such as Chun, Desai and 

Ramanarayanan as well as Natesan and Zeng [10,11]. The deposition technique also 

does not influence the protection as the mentioned works used different plating 

techniques and achieved full protection against metal dusting even on steels with 

inferior corrosion resistance to stainless steel 304L.  

In metal dusting environments there is often competition between the carbon and 

oxygen species to react with the material. As a result copper oxidised to form the non-

protective Cu2O, which causes accelerated copper oxidation, explaining the presence of 

the “pores” which are indicative of copper oxidation [15-20]. The pores are a result of 

the oxidation by bulk diffusion along the grain boundaries of the Cu2+ ion, leaving 

vacancies allowing for pitting where these pits agglomerate into large pores [15,16]. The 
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rate at which copper was being consumed was most likely the same on all the coatings; 

therefore the variation in the “pore” size is suggested to be a result of the thickness of 

the coating allowing for easy diffusion (Kirkendall Effect) of the ions in the substrate 

such as iron therefore accelerating the oxidation of the copper and the formation of 

voids at the surface [21-24]. This theory can be further supported by the fact that the 

oxidation of copper occurs by outward bulk diffusion of copper cations  along the grain 

boundaries at this exposure temperature, therefore implying outward cation diffusion 

was the oxidation catalyst.   

The deposition time influenced the thickness of the coating and the length of time the 

coating would protect the stainless steel against metal dusting [3,4]. However, a longer 

exposure time would certainly result in the removal of the copper due to copper 

oxidation therefore exposing the 304L stainless steel.  

4.3.4 Summary 

The protective effect of copper electrodeposition on 304L stainless steel by the pulse 

plating technique was investigated in a metal dusting environment. The copper 

coatings protected the stainless steel substrate against metal dusting regardless of the 

deposition time.  

It was found that increasing plating time resulted in thicker coatings and the thicker the 

coating the smaller and the fewer the number of microvoids/pores formed on the 

coating therefore resulting in better protection as the gas diffusion towards the 

substrate was reduced. The thicker coatings protected the substrate for longer periods 

as the oxidation process had to corrode away a much thicker copper layer therefore 

increasing the life span of the coating. Longer exposure times would however, result in 

the eventual removal of the copper exposing the 304L stainless steel substrate.  

It was found that the higher the exposure temperature the faster the copper oxidation 

was most likely to take place as evidenced by the sample that was plated for 30 minutes 

and exposed to a metal dusting environment at 650ºC for 21 days. 
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4.4 Ruthenium Laser Cladding 

This section outlines the characterisation of the laser cladded samples before and after 

exposure to the metal dusting environment. 

4.4.1 Pre-exposure material characterisation  

The powders used for the laser cladding process were characterised using FESEM to 

determine their particle size and shape, as shown in Figure 4.30. The 304L stainless steel 

powder particles were spherical in shape and approximately 50-120 μm in size. In 

contrast the ruthenium powder was agglomerated flakes that formed irregular shaped 

granules as shown in Figure 4.30 (b). The size of these granules varied between 81 μm 

up to 200 μm, with average size of 144 μm. 

 

(a) 

 

(b) 

Figure 4.30: FESEM-SE micrographs of the (a) stainless steel 304L and (b) ruthenium powder used for the laser 

cladding process. 

The powders were mixed in a tubular mixer for two hours at a speed of 50 rpm and the 

powders appear to have mixed well as shown if Figure 4.31, particularly when 

considering the low concentrations of ruthenium added. The ruthenium appears to 

have been broken down during the mixing process, into smaller flakes, which 

contributed to the relatively good mixing process. However, pre-mixing the powders 

did not result in the production of a homogeneous laser cladded layers, since the 

claddings contained second phases which were ruthenium rich islands as shown in 

Figure 4.32. 
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(a) 0.5 wt.% Ru 

 

(b) 5 wt.% Ru 

Figure  4.31: FESEM-BSE micrographs of the mixed powders with (a) 0.5 wt.% Ru  and (b) 5 wt.% Ru used for the 

laser cladding process. 

 

 

(a) 0 wt.% Ru 

 

(b) 2 wt.% Ru 

 

(c) 5 wt.% Ru 

Figure 4.32: FESEM-BSE micrographs of the loaser cladded region with (a) 0.5 wt.% Ru  and (b) 5 wt.% Ru used for 
the laser cladding process. 
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To elucidate the precipitation of the ruthenium seen in Figure 4.32, the iron-ruthenium 

phase diagram shown in Figure 4.33, was used as iron is the major constituent of 304L. 

The phase diagram indicates that for the dissolution of 5 wt.% (xRu≈ 0.0325) or less 

ruthenium in FCC iron, the operating temperature was required to be atleast 927ºC 

(1200K). It was therefore suspected that the operating temperature during the laser 

cladding process was lower than this temperature hence the precipitation of the 

ruthenium.  However, other alloying elements such as nickel may have improved the 

solubility of ruthenium at these lower temperatures for lower concentrations of 

ruthenium as the 0.5 wt.% Ru sample did not have any ruthenium precipitates [1,2]. 

 

Figure 4.33: Fe-Ru phase diagram [3]. 

The laser cladding was achieved by melting the powders at temperatures greater than 

the melting temperatures of both metal powders and was solidified rapidly at 

conditions far removed from equilibrium. It would therefore be expected that the 

ruthenium would dissolve in the 304L stainless, however, Adenike showed in his PhD 

that austenite was able to maintain its structure in the presence of ruthenium at 

compositions between 0 and 0.2 wt.% hence the lower ruthenium samples were able to 



Investigating the Metal Dusting Behaviour of Surface Modified 304L Stainless Steel  2019

 

100 | P a g e  
 

form a uniform solid solution with the ruthenium. However, additions equal to 2 wt.% 

or greater resulted in the reduction of the austenite phase and the formation of an HCP 

phase. It was postulated that the ruthenium precipitation was the HCP phase, since 

ruthenium has an HCP structure [3,4].  

The characterization results of the ruthenium laser cladded specimens, prior to 

exposure to a metal dusting environment are shown. 

4.4.1.1 Microstructural Analysis 

The analysis of the microstructure of the ruthenium laser cladded samples etched in 

10% oxalic acid for 90 seconds, at 10 V revealed that the substrate was made up of large 

austenitic grains which are evident in Figure 4.34 and Figure 4.35. The rapid 

solidification due to the laser cladding process resulted in fine grains. The grains were 

small and equi-axed similar to what other researchers have found [5,6]. 

 

Figure  4.34:  FESEM-BSD image of etched cross-section showing the contrast between the grains of the substrate and 

the laser cladding of the 0 and 0.5 wt.% Ru samples. 

The addition of higher concentrations of ruthenium still maintained the grain 

refinement and a clearly defined interface between the substrate and the laser cladding 

was evident as shown in Figure 4.35. These higher ruthenium concentration samples 

where slightly over etched and to rectify this a lower etching time of 30 seconds was 

used, which unfortunately was not long enough to etch the substrate properly as shown 
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in Figure 4.36. Here the epitaxial solidification was clear and the grain growth was 

identified to be cellular  as opposed to dendritic [5].   

 

Figure  4.35: FESEM-BSD of the substrate and the laser cladding of the 2-10 wt.% Ru, contrasting different grain 

images. 

Another interesting observation was that the areas enriched with ruthenium appeared 

to have been sites of nucleation for the solidification of the laser cladding, as the grains 

grow outwards from the ruthenium enriched areas refer to Figure 4.36. However, the 

ruthenium was removed at the enriched sites and this was a result of the etching of the 

304L stainless.  This was because ruthenium does not dissolve in most acids due to its 

nobility  [7,8].  

Analysis of the polished cross-section of the samples showed ruthenium enriched areas 

within the laser clad. This enrichment became visible in the 2 wt.% ruthenium sample 

and increased with increasing ruthenium concentration as shown in Figure 4.32. The 

ruthenium appeared as the white spots on the samples. This shows that the addition of 

ruthenium by laser cladding, did not distribute uniformly. 
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Figure  4.36: FESEM-SE micrograph of the ruthenium enriched sites on which the ruthenium was removed during the 
etching process. 

A distinct fusion zone was shown in Figure 4.37 and the grains are much smaller than 

those observed on the laser cladding. A clear transition from the laser cladding to the 

substrate was observed and a distinct change in the grain size is observable in Figure 

4.37. The fusion zone, which is the transition from the laser clad to the 304L substrate, is 

the interface shown in Figure 4.31. 

 

Figure  4.37: FESEM-SE micrograph of the grain size change from the laser cladding transition to the fusion zone and 
finally the substrate. 

The approximate thicknesses of the ruthenium laser cladding, was measured from the 

microstructural analysis and the results are shown in Table 4-1. 



Investigating the Metal Dusting Behaviour of Surface Modified 304L Stainless Steel  2019

 

103 | P a g e  
 

Table 4-1: Approximate thicknesses of the laser cladding. 

Sample 0 wt.% 0.5 wt.% 2 wt.% 5 wt.% 

Thickness 
(µm) 

1170±5 1186±5 1250±5 1178±5 

4.4.1.2 XRD surface characterization 

XRD characterization of all the cladded samples were performed and the results are 

shown in Figure 4.38, indicated the presence of 304L stainless steel peaks at 2θ equals, 

50, 60 and 90°, but no ruthenium phase was detected, which may have been a result of 

the  limitations of the XRD-D2 Phaser. 

 

Figure 4.38: XRD spectrum of the laser cladded samples. 

4.4.1.3 Hardness Profile  

The hardness profiles of the laser claddings shown in Figure 4.39, show consistency in 

the hardness of the parent metal which is approximately 180 HV on average, which was 

close to the approximated hardness of 159 reported by suppliers [9]. The laser cladding 

tends to have higher Vicker’s hardness values, Figure 4.39. This result was an expected 

result because laser cladding is a technique that results in the refinement of grains and 

improved hardness of the material [6,10]. The increase in the ruthenium content also 

results in increased hardness and this observation was consistent with reports in 

literature that claim that ruthenium additions harden materials as well as refine the 

45 55 65 75 85 95

2θ 

0wt% Ru 0.5wt% Ru 2wt% Ru 5wt% Ru

γFe- austenitic iron 
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grains of a material [11]. Hardness itself is a property that is improved by grain 

refinement because the smaller the grains the higher the probability of the impedance of 

dislocation motion because there is a larger grain boundary surface area [12-14]. The 

higher the ruthenium content that is being cladded, the higher the hardness of the weld. 

 

Figure 4.39: Hardness profiles of the laser cladded materials. 

4.4.2 Post exposure results 

The changes in mass were determined by measuring the mass gain or loss per area with 

increasing exposure time.  

4.4.2.1 Mass Change results 

 

Figure 4.40: Shows the mass change of the ruthenium laser cladded  304L stainless steel. 
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(a) Mass change results after exposure to aC < 1 atm 

The samples exposed at 525ºC did not undergo any mass change, whereas exposure of 

the ruthenium laser cladded samples to a low carbon activity containing environment at 

650ºC, resulted in the sample containing 0.5 wt.%Ru gaining a mass of 2.54 mg/cm2 

after seven days of exposure. After 21 days of exposure all the samples had gained mass 

except for the 5 wt.% Ru sample, as can be seen in Figure 4.40. An interesting 

observation was that there was a decrease in the mass gained by the 0.5 wt.% Ru sample 

after 21 days of exposure, whereas all the other samples gained more mass.  

(b) Mass change results after exposure to aC >> 1 atm 

All the samples exposed at 650ºC in an environment containing a carbon activity of 35 

atm experienced a loss of mass after 21 days of exposure with the 0 wt.% sample losing 

the most mass of 3.34 mg/cm2, followed by the 0.5 wt.% Ru sample losing 2.30 mg/cm2, 

the 5 wt.% Ru sample and the 2 wt.% ruthenium samples losing 1.54 mg/cm2 and 1.36 

mg/cm2, respectively. It was postulated that the 0 wt.% and 0.5 wt.% Ru samples lost 

the most mass due to general corrosion as opposed to pitting corrosion that occurred on 

the 2 wt.% and 5 wt.% Ru samples. It has to be emphasised that mass changes here were 

only used  as an indication of the rate of corrosion rather than the actual rate of 

corrosion [16,17]. Additionally corrosion debris was not entirely removable on all 

samples, therefore this will affect the mass change measured. 

4.4.2.2 Exposure to low carbon activity (aC < 1 atm) 

An FESEM investigation of the samples exposed at 525ºC for seven days, show that all 

the samples formed a continuous oxide layer, Figure 4.41, with black deposits which 

were confirmed to be rich in carbon by EDS. No cracking or spalling of the oxide layer 

was observed on the surface of all the laser cladded samples and it stayed intact 

throughout. Hence the carbon deposited was not concentrated. The oxide layer also 

prevented the onset of metal dusting as no pitting was observed on any of the samples. 

The black deposits on the surface were almost entirely made up of carbon. 
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(a) 0 wt.% Ru 

 
(b) 0.5 wt.% Ru 

 
(c) 2 wt.% Ru 

 
(d) 5 wt.% Ru 

 

Figure  4.41: FESEM-BSE micrograph of (a) the 0wt% Ru, showing (b) the 0.5 wt.% Ru, (c) the 2 wt.% Ru and (d) 5 
wt.% Ru of the oxide layer after seven days of exposure to a metal dusting environment at 525ºC. 

FESEM analysis showed that the samples had formed an oxide layer, which was meant 

to be protective against attack of the metal, however the oxide layer showed signs of 

spallation and cracking, Figure 4.42 (a). All the samples exhibited a spalled oxide layer. 

The 0 wt.% Ru sample even experienced pitting as, as highlighted in Figure 4.42 (b).  
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(a) 

 

(b) 

Figure 4.42: FESEM-BSE micrograph at of the 0 wt.% Ru, showing (a) shows the initiation of spalling of the oxide 
layer and (b) the spalled oxide, with pits and intergranular attack exposed at 650ºC for seven days. 

The 0.5 wt.% Ru sample showed the same degradation as the 0 wt.% Ru sample. The 

sample had a cracked and spalled oxide layer with some intergranular attack. However, 

the bare substrate on this sample was not pitted as shown in Figure 4.43 (a). The 

intergranular attack was much clearer in Figure 4.43 (b) and in the same image 

dislodging of grains from the microstructure as a result of this intergranular attack was 

observed. 
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(a) 

 

(b) 

Figure  4.43: FESEM-BSE micrograph at of the 0.5 wt.% Ru, showing (a) the spalled oxide, showing the substrate and 
(b) shows intergranular attack exposed to a metal dusting favourable environment at 650ºC, for seven days. 
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Figure 4.44: FESEM-BSE micrograph at of the 2 wt.% Ru, showing the cracked and spalled oxide, showing the 
substrate, intergranular attack and self-healing exposed to a metal dusting favourable environment at 650ºC, for 

seven days. 

 

Figure 4.45: FESEM-BSE micrograph at of the 5 wt.% Ru, showing the spalled oxide, showing the substrate and 

intergranular attack exposed at 650ºC, for seven days in a metal dusting favourable environment. 
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The oxide layer of the 0.5 wt.% Ru sample was rougher than the 0 wt.% Ru sample, due 

to more corrosion product particles on the surface of the 0.5 wt.% Ru sample.  The 2 

wt.% Ru sample shown in Figure 4.45, also experienced oxide spalling and cracking, 

where some intergranular attack was identified, however, it was not as pronounced as 

that seen on the 0 and 0.5 wt.% Ru samples. An interesting observation was the area 

highlighted in red in Figure 4.44, shows that though the oxide spalled there was some 

growth that occurred. This implies that the material may have been self-healing, 

growing another layer on the substrate. Intergranular features were identified in these 

regions.  

Post exposure to 525ºC for 21 days, FESEM analyses showed that all the samples 

formed an oxide layer where the 0 wt.% Ru, 0.5 wt.% Ru and 5 wt.% Ru samples 

formed the most adherent and continuous oxide layer, Figure 4.46.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure  4.46: FESEM-BSE micrograph of (a) the 0 wt.% Ru, showing (b) the 0.5 wt.% Ru, (c) the 2 wt.% Ru and (d) 5 
wt.% Ru of the oxide layer exposed to a metal dusting favourable environment at 525ºC, for 21 days. 
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On the 0.5 wt.% Ru sample, the ruthenium was blended together with the oxide layer, 

Figure 4.46 (b), forming a homogeneous layer on the cladded surface. The EDS analysis 

of the samples show that the debris found is actually made up of oxide particles, for all 

the samples.  

The 2 wt.% Ru sample performed the worst as the oxide layer spalled and the substrate 

was exposed to the gaseous environment.  Figure 4.47, shows the bare substrate at 

higher magnification, revealing that the substrate underwent pitting as well as evidence 

of intergranular attack.  

 

Figure 4.47: FESEM-BSE showing pitting and intergranular attack on the 304L substrate exposed at 525ºC, for 21 
days in a metal dusting favourable environment. 

The Raman spectra results seen in Figure 4.48, indicate the presence of various chromite 

spinel oxides – a mixture of (Fe,Ni)Cr2O4, hematite and carbon was dominant in the 

majority of the ruthenium laser cladded samples, however, the 2 wt.% Ru sample was 

dominated by spinel oxides and carbon, with no hematite observed [17-24]. In addition 

to that no carbon was detected by the Raman spectrometer on the 0.5 wt.%. The carbon 

formed on the samples was graphitic in nature as the ID/IG ratio was approximately 1, 

in the range (0.98-1.49) [22-24]. This implies that with increasing exposure time, the 

samples became catalytic to crystalline carbon deposition. 



Investigating the Metal Dusting Behaviour of Surface Modified 304L Stainless Steel  2019

 

112 | P a g e  
 

 

Figure 4.48: Raman spectra of the ruthenium laser cladded samples exposed for 21 days. 

Figure 4.49 shows the GIXRD results which indicate the presence of the austenite phase 

on the surface, and a peak representative of hematite at approximately 53º.  The cross-

sectional analysis shows that an oxide layer did form over time and no internal cracking 

oxidation was observed on these samples, Figure 4.50.   

 

Figure 4.49: GIXRD spectra of the ruthenium laser cladded samples exposed for 21 days. 
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Figure  4.50: Typical FESEM-BSE of the cross-section of the laser cladded samples that have been exposed at 525ºC 
for 21 days. 

The surfaces of the samples exposed at 650ºC for 21 days were investigated under 

FESEM, and showed that the samples all formed a continuous oxide layer. The oxide 

layers that formed on all of these samples appeared to be damaged.  

 

(a) 

 

(b) 

Figure  4.51: FESEM-BSE micrographs showing the oxide layer that formed after exposure at 650ºC for 21 days, on 
the 0 wt.% Ru sample where (a) the oxide layer had spalled revealing the laser cladding (substrate) and, (b) the black 

particle growing into the oxide layer. 
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Figure  4.52: FESEM-BSE micrograph of the 0.5 wt.% Ru samples showing the spalling of the oxide layer formed after 
exposure at 650ºC for 21 days. 

There was minor spalling of the oxide as well as holes where corrosion growth formed 

on samples such as the 0 and 2 wt.% Ru samples as can be seen on Figure 4.52 and 

Figure 4.53. No significant carbon deposition was observed. 

 
(a) 

 
(b) 

Figure  4.53: FESEM-BSE micrograph of the 2 wt.% Ru samples showing (a) the spalling of the oxide layer formed, 
and (b) growths into the oxide layer. 

The oxide layers formed on all the samples were damaged and where the laser cladding 

(substrate) was visible under it, the oxide had spalled. However, surprisingly the 5 

wt.% Ru sample exhibited the largest damaged area and some shallow pits were visible, 

Figure 4.54 (b). In addition, carbon was deposited on some areas of this sample. A black 
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particle grew into the 0 and 2 wt.% samples, when analysed under EDS it was rich in 

carbon and silicon. This silicon is suspected to have diffused from the substrate to the 

surface during exposure. 

 
(a) 

 
(b) 

Figure 4.54: FESEM-BSE micrograph of the 5 wt.% Ru samples showing (a) depression in the oxide layer, and (b) the 
spalled oxide layer after exposure at 650ºC for 21 days. 

The Raman spectra shown in Figure 4.54, were diverse, the 0 and 0.5 wt.% samples 

formed a solid solution spinel of (Fe,Ni)Cr2O4, which is indicated by the broad peak 

from 640-770 cm-1, peaking at 642 cm-1 at the rim of the chromite grain peak [16-20]. In 

addition, a non-solid solution FeCr2O4 that formed which peaked at 560 cm-1 and 

carbon indicated by the D-band at approximately 1351 cm-1 and  1600 cm-1 [17,18,22-24]. 

However, the carbon content varied with the 0 wt.% sample accumulating the lowest 

amount of carbon as shown by the relatively lower intensity carbon peaks. The nature 

of the deposited carbon was highly, ordered therefore graphitic in nature, with an 

average ID/IG ratio between 1.02 and 1.10 [22-24]. And the higher ruthenium containing 

samples (2 & 5 wt.% Ru) all formed hematite and minor amounts of carbon. The carbon 

formed was graphitic in nature. 
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Figure  4.55: Raman spectra of the ruthenium laser cladded samples exposed at 650ºC for 21 days. 

The GIXRD results showed the presence of the austenitic phase and a shallow peak at 

53º indicating the presence of hematite as shown in Figure 4.55. The 0.5 wt.% and 2 

wt.% Ru samples did not show much as the hematite peaks were very shallow with low 

intensities. This result implies that hat the oxide layer formed was relatively thin as was 

in the cross-section analysis in micrograph Figure 4.57.  

 

Figure 4.56: GIXRD spectra of the ruthenium laser cladded samples exposed for 21 days. 
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The cross-section analysis of these samples did not show any surface or subsurface 

damage on these samples. The cross-section images of the 0-5 wt.% Ru samples were 

very similar in that they showed an uneven surface oxide that formed and the silicon –

carbon rich growth was common in all these samples, a representative image is shown 

in Figure 4.57.  

 

Figure  4.57: Typical FESEM-BSE of the cross-section of the laser cladded samples that have been exposed at 650ºC 
for 21 days, showing carbon growths into the laser clad. 

4.4.2.3 Exposure to high carbon activity (aC >> 1 atm) 

After seven days of exposure all the laser cladded samples experienced attack by pitting 

or spalling of the oxide, which ended the metal dusting incubation period, and resulted 

in the initiation of metal dusting.  

All samples were in the initiation stage of metal dusting, as the surface analysis showed 

a spalled oxide where the revealed substrate consisted of shallow pits and features of  

intergranular attack as shown in Figure 4.58. 
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(a) 0 wt.% Ru 
 

(b) 0.5 wt.% Ru 

(c) 2 wt.% Ru  (d) 5 wt.% Ru 

Figure  4.58: FESEM-BSE micrograph of the (a) 0 wt.% Ru and (b) 0.5 wt.% Ru (c) 2 wt.% Ru and (d) 5 wt.% Ru 
samples revealing the spalling of the oxide layer and the shallow pits formed exposed at 650ºC, for seven days with 

aC of 35 atm. 

Additionally, the 5 wt.% Ru sample also exhibited pitting with relatively larger pits. 

However, the pits on this sample retained corrosion product and the corrosion product 

was presumed due to its black colour, to be solid carbon that has been deposited onto 

the surface of the sample, as shown in Figure 4.59. 
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Figure  4.59: FESEM-BSE micrograph showing the 5 wt.% Ru sample with a pit filled with corrosion debris, formed 
after exposure at 650ºC, for seven days in a carbon activity of 35 atm. 

 After 21 days of exposure all the laser cladded samples experienced attack. The lower 

ruthenium containing samples, exhibited the same behaviour as they did when exposed 

for seven days, where the oxide spalled and there were small pits forming on the 

substrate with initiation of intergranular attack on the surface as shown in Figure 4.60. 

Additionally, there were carbon deposits on the exposed substrate. Whereas the higher 

ruthenium containing samples had experience attack that was characterised by deep 

pits and the pits were large in diameter of 90 µm and greater. The pit diameter 

increased with increasing ruthenium content as shown in Figure 4.61. FESEM further 

confirmed that the areas enriched with ruthenium were points of initiation for pitting 

and EDS analysis showed that there was ruthenium in the pits. Carbon deposited in the 

pits and is characterised by the black corrosion products in the pits.   
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(a)  0 wt.% Ru 

 

(b) 0.5 wt.% Ru 

Figure 4.60: FESEM-BSE micrograph of the (a) 0 wt.% Ru and (b) 0.5 wt.% Ru samples revealing the spalling of the 
oxide layer formed and carbon deposits after exposure at 650ºC, for 21 days in a carbon activity of 35 atm. 
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(a) 2 wt.% Ru 

 

(b) 5 wt.% Ru 

Figure  4.61: FESEM-BSE micrograph of the (a) 2wt% Ru, (b) 5 wt.% Ru samples revealing the corrosion pits after 
exposure at 650ºC, for seven days in a carbon activity of 35 atm. 

Further analysis of the samples using Raman spectroscopy as shown in Figure 4.62, 

revealed that formed solid solution spinel of (Fe,Ni)Cr2O4 which is indicated by the 

broad peak from 640-770 cm-1, peaking at 642 cm-1 at the rim of the chromite grain peak. 

There was also non-solid solution FeCr2O4 that formed and was peaking at 560 cm-1 [17-

21]. Raman analysis showed the presence of graphitic carbon. The nature of the carbon 

formed was highly ordered therefore graphitic with an average ID/IG ratio between 1.00 

and 1.02 [22-24]. 
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Figure  4.62: Raman spectra of the ruthenium laser cladded samples exposed for 21 days after exposure at 650ºC, for 
21 days in a carbon activity of 35 atm. 

Low intensity hematite peaks were evident below 500 cm-1,  on the Raman spectra 

obtained for the 0 and 0.5 wt.% Ru samples, which resulted in the shoulder observed at 

the G-band, this shoulder formed due to the hematite peak that is found at 

approximately 1600 cm-1. 

 

Figure  4.63: GIXRD spectra of the ruthenium laser cladded samples exposed for 21 days at 650ºC, with aC = 35 atm. 

Figure 4.63 presents the GIXRD spectra which indicates the presence of the austenitic 

phase and hematite at 41˚ and 53˚. 
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(a)  

 

(b) 

Figure  4.64: Typical FESEM-BSE of the cross-section of the laser cladded samples that have been exposed at 650ºC 
for 21 days (a) showing cracks and oxidation and (b) shows the cross-section of the pits. 

The cross-sectional analysis confirms that the oxide formed was relatively thin as it 

cannot be seen. Additionally the cross-section showed cracks along the surface as 

shown in Figure 4.64 (a) and it can also be observed how irregular the surface showing 

the cross-section of the pits in Figure 4.64 (b). 
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4.4.3 Discussion 

The results after exposure at 525ºC indicate that the laser cladding was beneficial in 

slowing down metal dusting as it promoted the formation of a continuous, dense and 

protective oxide layer on all the samples. The promotion of the oxide layer formation 

was attributed to grain refinement of the laser cladding, which increased chromium 

diffusion paths, along the grain boundaries. This indicated that the original formation 

of the oxide layer was a rapid process which inhibited corrosive species to diffuse into 

the substrate and cause detriment to neither the oxide layer nor the substrate. Therefore, 

the materials have a high self-healing ability.  

Exposure at 650ºC indicated that the laser cladded samples were highly susceptible to 

metal dusting since on all the samples the oxide spalled just after seven days of 

exposure at all carbon activities. Not only did oxide spall off, but intergranular attack 

and pitting occurred; implying that the samples did not self-heal effectively, when 

exposed to the corrosive gaseous environment. At lower carbon activities the pitting 

incubation period was longer than for the high carbon activity containing environment. 

This was expected seeing that all the samples exposed to the high carbon gas activity 

environment catalysed graphitic carbon formation and this type of carbon was the most 

detrimental in metal dusting environments as it causes volume expansion leading to 

fragmentation of the material into small dust particles [25-27].  

At 650ºC the laser cladded samples showed the same damage, or worse than the 

unmodified 304L stainless steel. Therefore, the ruthenium and laser cladding did not 

add any protection at this temperature, at both the aC = 0.67 atm and aC = 35 atm, even 

after only seven days of exposure, because all the samples showed spalling of the oxide 

and minor pits. It was expected that metal dusting would initiate and pitting would 

occur on the laser cladding, but this was not the case in the lower carbon activity 

environment. This was attributed to the low carbon activity and relatively higher 

oxygen partial pressure, which resulted in a less aggressive environment. The low 

carbon activity and possibly the presence of the ruthenium reduced the rate at which 
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graphite was formed, and therefore, resulting in reduced volume expansion of the 

material, hence the lengthy incubation period of metal dusting. Ruthenium has been 

found to enhance the formation of the protective oxide layer in Fe-Cr alloys exposed to 

high temperature gaseous environments. The continuous oxide was due to the selective 

oxidation of chromium because of the high chromium affinity for oxygen. The selective 

oxidation of chromium is further accelerated by the presence of ruthenium, because 

ruthenium slows down the diffusion of iron by clearing the way for the diffusion of 

chromium and blocking the diffusion of the iron [28-30].   

Ruthenium has the ability to catalyse carbon deposition, in carbonaceous gas 

environments. It often catalyses armophous carbon, which results in relatively low 

detriment in metal dusting environments and catalyses graphitic carbon in the presence 

of a catalyst such as SiO2 or graphite [31-33]. This deposition of amorphous carbon by 

the ruthenium therefore minimises and slows down the metal dusting process because 

for metal dusting to occur, highly crystalline graphite was required for volume 

expansion, resulting in the disintegration of the substrate; this, however, was not the 

case in this work. Ruthenium was resistant to carburisation and its ability to catalyse 

chromium oxide formation results in improved protection of the substrate against metal 

dusting, therefore increasing the incubation period of metal dusting [34,35].  

The relatively higher oxygen partial pressure, with the aid of the ruthenium and the 

chromium diffusion paths induced by grain refinement, promoted the formation of the 

oxide layer, including chromites, which are protective. Furthermore, it was suspected 

that the self-healing of the oxide layer occurred, and was evidenced by the presence of 

the chromite mixture, since no significant pitting and spalling were observed even after 

21 days of exposure [36-38]. Therefore a combination of laser cladding, low ruthenium 

additions, and low carbon activity were able to slow down metal dusting on 304L 

stainless steel, in contrast to the work done by De Bruyn [39] who found 304L stainless 

steel to show metal dusting at 650ºC even at a carbon activity of 0.28 atm. Although this 

temperature was highly conducive for metal dusting there was no sub-surface 
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degradation or internal oxidation implying that the laser cladded samples were in the 

incubation stage rather than under metal dusting attack. Furthermore, when the cross-

section of the samples was analysed, it was found that the samples had formed 

carbides, which are only a pre-cursor of metal dusting [40,41]. 

The higher ruthenium containing samples exhibited signs of low resistance to metal 

dusting, where the 5 wt.% ruthenium sample exhibited the largest area of oxide 

spallation and many minor pits. Additionally both the 2 and 5 wt.% ruthenium 

containing samples formed hematite and a porous oxide, which is not protective. The 

porosity of the oxide exposes the fresh metal underneath it to the corrosive gases 

subsequently, accelerating carbon deposition and possible graphite formation, which 

would accelerate metal dusting [41-43]. However, was suspected that this effect would 

only be realised after longer exposure periods.  

The samples exposed to the higher carbon activity (35 atm) showed a distinct difference 

in behaviour. After just seven days of exposure they showed pitting on the exposed 

substrate and after 21 days of exposure the samples formed large, distinct pits 

particularly on the higher ruthenium (2 and 5 wt.% Ru) containing samples. This 

behaviour was attributed to ruthenium being able to catalyse graphitic carbon that 

caused pitting, and as a result metal dusting occurred as the pitting initiated at areas 

enriched with ruthenium. Higher ruthenium content increased the pit size.  At 650ºC 

and high carbon activities with relatively low oxygen partial pressures ruthenium 

accelerated the metal dusting process since it catalysed graphite formation, as 

evidenced by the carbon formed on these samples [15,44]. In relatively pure hydrogen-

carbon monoxide mixtures, hydrogen was highly catalytic to carbon deposition as a 

result it was postulated that in the high carbon activity environment (aC = 35 atm), 

hydrogen contributed to the rapid growth in the pits [15].  

It was also postulated that the low ruthenium content (wt.% Ru < 2 wt.%) was 

potentially beneficial. Since the ruthenium was able to form a single phase with the 
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304L stainless steel or in cases where the ruthenium was not dissolved, the ruthenium 

would form a homogeneous coating with the oxide formed during exposure to a metal 

dusting environment. The single phase did not contain areas enriched with ruthenium 

which in the presence of 304L were able to catalyse graphitic carbon deposition.  The 

resultant grain refinement due to laser cladding and/or the addition of ruthenium 

improved the metal dusting incubation period. 

4.4.4 Summary 

The behaviour of laser cladded stainless steel 304L was studied. The stainless steel was 

cladded with 304L stainless steel powder and varied ruthenium concentrations of 0, 0.5, 

2 and 5 wt.%, in two gaseous environments containing carbon activities of 0.51, 0.67 and 

35 atm. It was found that at the low carbon activities all the samples experienced a 

prolonged metal dusting incubation period, but did form carbides, though some were 

only visible along the cross-section. Even after 21 days of exposure the samples had not 

shown extensive pitting but metal dusting was initiating. Additionally, the presence of 

chromites and the lack of progressed pitting is evidence of self-healing of the laser 

cladded samples.  

In the high carbon activity environment, it was found that the samples with a high 

ruthenium (2 and 5 wt.% Ru) contents were not effective in protecting 304L stainless 

steel against metal dusting attack, especially at the areas where the surface was 

enriched with ruthenium. Laser cladding coupled with a low ruthenium content have 

the potential to prolong metal dusting as they result in an increased metal dusting 

incubation period.  
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5. Conclusions 

The 304L stainless steel substrate was protected against metal dusting by the pulse 

plating deposited copper coatings. However, the copper was susceptible to oxidation, 

implying that the copper coatings would provide protection until the copper was 

depleted. Though deposition time resulted in thicker coatings which resulted in 

prolonged protection of the stainless 304L substrate, copper electroplating without 

reducing the oxidation, would not be sufficient for long exposure times to metal dusting 

environments.   

The laser cladded samples were resistant to metal dusting at low carbon activities and 

relatively high oxygen partial pressures, especially the low ruthenium containing 

samples. It was also found that it was more beneficial to have ruthenium form a single 

phase with the 304L stainless steel for maximum protection whereas the enrichment of 

ruthenium accelerates the initiation and continued pitting of the alloy. Laser cladding 

and low ruthenium (0.5 wt.% Ru) concentrations showed the best resistance to metal 

dusting attack of all the laser cladded samples. 

The copper electroplated samples performed better than the ruthenium laser cladded 

samples since the metal dusting of the laser cladded samples initiated just after seven 

days of exposure due to the failure of the chromium oxide layer. Though the oxide was 

able to heal it was still risky to use the method because subsurface attack continues 

during exposure.  Utilising the copper pulse electroplating deposition method might 

also be problematic since attack of the substrate can occur below the coating as a result 

of the porosity of the coating, while providing the impression that the coating is 

resistant to attack and therefore protecting the substrate. This was caused by the 

oxidation of the coating, which allowed easy access for the corrosive gases to the 

substrate. 
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6. Recommendations 

1. The oxidation of the copper electroplated samples may be improved by the 

addition of alloying elements such as Al, Mg, Be, therefore alloying the copper 

with these elements should be investigated.    

2. Better adhesion of the copper electroplating should be investigated by adding a 

strike layer of nickel prior to the deposition of the copper to eliminate blistering. 

3. Laser cladded samples with a more uniformly distributed homogeneous solid 

solution of ruthenium should be investigated. 

4. The optimum ruthenium concentration for the low ruthenium concentration 

samples should be determined. 

 

 

 

 


