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Abstract 
A novel erosion-corrosion approach, that expands the assessment of damage occurring on 

engineering materials subjected to a submerged impingement jet, has been developed. This 

new analytical method yields quantitative data that facilitates a substantially improved 

understanding of the material degradation mechanisms that take place in different regions 

of the surface of a material when exposed to aqueous saline solutions and solid particles. The 

validation of this methodology involved a medium carbon steel and an austenitic stainless 

steel, where the stainless steel exhibited almost two-fold erosion-corrosion resistance. The 

application of this new evaluation technique was extended to white cast irons to enhance 

the understanding of interaction of the chromium carbides and the metallic matrix on the 

erosion-corrosion behaviour of these multi-phase materials. For this reason, two stainless 

steels that mimic the ferrous matrix were also investigated. The free erosion-corrosion 

results showed that there is no difference among the two cast irons and the stainless steels 

but the cathodic protection unravelled the advantages of the martensitic based alloys 

compared with austenitic based alloys. Sintered and HVOF coatings WC-based cermets of 

similar chemical composition were studied to elucidate the influence of the manufacturing 

process on their erosion-corrosion response of the cermets. The manufacturing process 

effect resulted to be significant as the sintered cermets displayed greater erosion-corrosion 

performance than the HVOF coatings due to the lack of process defects. By incorporating 

both WC-Co and WC-Ni cermets in this testing phase, the role of the binder type on the 

erosion-corrosion behaviour of cermets was also examined, showing the superiority of the 

Ni binder compared to the Co binder. The research findings enabled the formation of a 

material matrix, where the relative erosion-corrosion performance of the materials is 

evaluated, and it comprises a substantial contribution on the material selection process for 

critical pump components. 
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Chapter 1: Thesis Introduction 
 
1.1 Thesis introduction 
Material selection, as an engineering process, requires consideration of various factors which 

will control the performance of an engineering component and/or system. During the first 

design stage, each engineering component is assessed as a single element that will exhibit 

certain mechanical properties, such as strength, toughness, ductility associated with its 

application. Therefore, the engineering component is evaluated as part of a system which 

interacts with the environment that it is exposed to. When the operating conditions involve 

aqueous slurries, which consist of various aqueous solutions, including saline and different 

size of solid particles, erosion-corrosion performance of the material is crucial for the 

efficient and safe functionality of the system. The detrimental effects of erosion-corrosion 

are apparent in numerous industrial sectors. 

The Oil and Gas sector experiences erosion-corrosion failures associated with erosion 

by small particles and damage caused by corrosive agents, such as carbon dioxide, present in 

the aqueous solution. In fact, the hydraulic fracturing industry, which is a well-developed 

practice of extracting gas, lays down the challenge of preventing severe erosion-corrosion 

problems due to the injected pressurised aqueous solution which contains a range of 

chemicals and hydraulic fracturing sand. As a result of the conditions encountered in oil and 

gas industry, numerous complex and interactive degradation processes, such as erosion [1.1], 

corrosion [1.2,1.3] and cavitation [1.4,1.5], take place. 

The mining sector also suffers from substantial erosion-corrosion damage due to the 

severity of the transported slurry, which often contains large suspended particles [1.6,1.7]. 

The mining operation is comprised of three major stages; extraction, transportation and 

processing. Each of the above phases encounters severe erosion damage, due to the oversize 

rocks that are transported. The typical life of a slurry pump is in the range of 1500h-4000h 

and material wear rates can be over 2mm/year, and for this reason some pump components 

can be over 100mm thick [1.6]. An additional deterioration is provoked by the effect of 

corrosion as the slurries are usually saline aqueous solutions which sometimes can be highly 

acidic. The minerals processing commonly involves neutral slurries, but about 20% of the 

operations are taking place in acidic environments [1.8].   

The Power sector is affected the least, compared to the two above sectors, since the 

operating conditions are not as aggressive as the above circumstances. Hydroelectric 
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Chapter 1: Thesis Introduction 
 
turbines are robust since they operate on river water of low salinity and low solid 

concentration. For instance, the Niagara Falls hydroelectric turbines exhibit 50 years’ service 

life due to the mild erosion-corrosion environment. However, there are some current 

situations where the hydro turbine life expectancies have been reduced from 50 years to 1-

2 years on account of upstream factories pumping their waste water into the rivers without 

filtering it properly [1.9].  

Weir Group PLC is a global engineering leader in providing expert engineering services 

for oil and gas, minerals, and power markets. Weir Group PLC established the Weir Advanced 

Research Centre (WARC) within Strathclyde University to optimise their capabilities in terms 

of research and development. There is an on-going requirement to characterise and control 

the erosion-corrosion processes experienced in a range of Weir Group products that function 

in hostile environments. In such cases, it is widely accepted that there is a need to mitigate 

these degradation mechanisms by the application of high performance coatings or by 

substitution of materials, prone to erosion-corrosion, by materials that are likely to 

demonstrate an increase in performance. The objective of this research programme was to; 

a) Broaden the understanding of the main erosion-corrosion mechanisms that occur in 

range of Weir products. 

b) Assess the potential impact of electrochemical intervention in terms of cathodic 

protection application in engineering components. 

c) Develop a material selection solution to improve the life expectancy of components 

prone to erosion-corrosion to a more acceptable level. 

This thesis shapes a distinct contribution to the knowledge of the erosion-corrosion 

phenomena by developing a novel quantitative approach that merges the up-to-date 

assessments procedures with advanced surface topography. The advantage of this enhanced 

technique is the quantification of the direct impingement erosion-corrosion damage along 

with the corrosive sliding abrasion during a normal impact impingement test. The application 

of cathodic protection facilitated the isolation of the mechanical deterioration mechanisms 

that take place under the jet; direct erosion and adjacent to it; sliding abrasion. The use of 

segmented specimen enabled also the electrochemical monitoring of the tested material 

within the two different flowing conditions. An additional benefit of this work, described 

herein, is the wide application of this novel practice to a number of materials (e.g. stainless 
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steels, high chromium cast irons, cermets), which represent the currently used materials in 

Weir Group sectors. 

The layout of the thesis is summarised as follows. Chapter 2 includes a detailed review 

of the fundamentals of erosion-corrosion and it is followed by a chapter that describes the 

experimental methodologies utilised in this study (Chapter 3). 

Chapter 4 describes a novel approach that expands the assessment of damage 

occurring as a result of solid/liquid impingement at normal incidence. This new analytical 

method yields quantitative data that facilitates a substantially improved understanding of 

the material degradation mechanisms (i.e. erosion, sliding abrasion, corrosion and 

interactive effects) that take place on different regions of the component subjected to slurry 

conditions. This newly developed technique involved a validation exercise on a medium 

carbon steel and an austenitic stainless steel. 

Subsequent chapters illustrate the application of the above described practice on the 

erosion-corrosion behaviour of two white cast irons and four WC-based cermet materials.  In 

Chapter 5, the two high chromium white cast irons’ erosion-corrosion resistance was 

compared with two stainless steels that represent the metallic matrix of each cast iron. The 

objective of this study was to understand the consequences of the introduction of carbides 

in a stainless steel matrix. Chapter 6 demonstrates the relative performance of two sintered 

WC-based composites along with two high velocity oxy fuel (HVOF) sprayed coatings of 

similar composition under solid/liquid impingement. The effectiveness of the coatings in 

protecting the austenitic stainless steel substrate was also assessed, as the substrate material 

was also included in this testing phase. 

Taking into account the diversity of the topics discussed in this study, the materials’ 

assessment chapters is organised in terms of a literature review, followed by experimental 

results, extensive discussion, concluding remarks and chapter’s references. 

The final chapter includes an exercise in which the research findings are integrated 

into materials selection tool for relevant equipment with the aim of enhancing the material 

selection process.  
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Chapter 2: Fundamentals of Erosion-Corrosion 
 
 2.1 Introduction 
This chapter focuses on summarising the fundamentals of erosion-corrosion phenomenon in 

order to establish the basis of this research work. 

2.2 Erosion-Corrosion Phenomenon 
Erosion-corrosion is a surface degradation mechanism caused by flowing fluid, with or 

without solid particles. The phenomenon of erosion-corrosion is complex, since it involves 

mechanical damage (erosion), electrochemical damage (corrosion) and the interaction of the 

two individual processes. Many researchers [2.1–2.3] often use Equation 2.1 below to 

describe the mechanisms attributed with the material loss due to erosion-corrosion: 

TML E C E C= + + ∆ + ∆                              Equation 2.1 

where, TML is the total material loss, E is the mechanical degradation, C is the 

electrochemical corrosion in static conditions, ΔΕ is enhanced erosion by the corrosion 

process, and ΔC is the enhanced corrosion by the erosion processes. 

In this thesis, the erosion-corrosion phenomenon will be described using the 

Equation 2.2 shown below, which is a simplification of the Equation 2.1: 

TML E C S= + +                                 Equation 2.2 

where, C demonstrates the (C+ΔC) component of the Equation 2.1 as it was measured in situ 

during erosion-corrosion tests and it is therefore the total electrochemical (corrosion) mass 

loss, and S is the synergy term which represents the enhanced erosion by the corrosion 

processes (i.e. ΔΕ  in Equation 2.1). 

Erosion-corrosion receives great attention as the operating conditions become more 

severe in most of the industrial sectors due to higher demands of energy through oil and gas 

extraction, minerals processing and power industries. For example, the more severe 

operating conditions are typically translated to higher rotational speeds in the slurry pumps 

and more flowing conditions in oil and gas pipelines; conditions that subsequently accelerate 

erosion-corrosion. These higher production rates also lead to the development of new 

materials that are able to withstand the increasingly hostile environments that are 

generated. Understanding the erosion-corrosion mechanisms and the key parameters that 
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govern their severity is essential for the optimum material selection. Hence, the following 

sections describe each degradation process that occurs during erosion-corrosion; a) erosion, 

b) corrosion and c) synergy. 

2.3 Erosion 
Erosion is the mechanical removal of material from a metal surface by the action of air with 

solid particles (dry erosion) or aqueous fluid with or without suspended particles (aqueous 

erosion). With the presence of solid particles the erosion becomes more severe and it takes 

place by different deterioration mechanisms. De Haller [2.4] found that, in the erosion of 

metals, two types of erosion are involved; high impingement angle erosion and small impact 

angle erosion. At high impact angles, the solid particles plastically deform the surface of the 

sample, which may form a rim of highly strained material that would be removed by further 

impacts [2.4–2.6]. The process of penetration of a rigid particle into the plane surface of a 

plastically deforming material at normal incidence is called indentation by Hutchings [2.5]. 

The erosion mechanisms at low impact angles (i.e. 30o) are associated with the type of the 

solid particle. Rounded particles deform the surface by ploughing, displacing the particle to 

the side and in front of the particle (Fig 2.1 a). Angular particles, on the other hand, cause 

two slightly different types of cutting depending on the rolling direction of the particle (i.e. 

forward or backward), as illustrated in Figure 2.1 (b) & (c). 

 

Figure 2.1 Sections through impact sites formed by hard particles on a ductile metal, 
showing typical shapes. The impact direction was from left to right. a) Ploughing 

deformation by a sphere, b) Type I cutting where the particle rotates forward during the 
impact; c) Type II cutting where the particle rotates backward during impact. [2.5] 
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2.3.1 Key influential parameters for erosion 
A series of factors, such as flow field, solid particle characteristics and target material 

properties, affect the erosion resistance of a material experiencing solid particle erosion, 

according to Hutchings [2.7] and Clark [2.8]. Table 2.1 illustrates the groups of these 

parameters in more detail. 

Table 2.1 Three major groups of factors influencing erosion 

Flow Field Particles Target material 
Slurry velocity Concentration Hardness 

Angle of impact Size Fracture toughness 
Viscosity Shape Microstructure 

Particle rebounding Hardness Work hardening 
 

The various features of Table 2.1 interact with each other and it is difficult to study 

them independently as Clark [2.9] reported. Hence, erosion models in conjunction with 

laboratory work should be developed to overcome the lack of control of each single variable. 

The following sections analyse some of the most important elements of Table 2.1. 

2.3.1.1 Flow field 

Figure 2.2 illustrates the various forces acting on the particle that comes into contact with a 

horizontal surface [2.7]. The gravitational force is apparent in the centre of the particle due 

to its mass. Inter-particle contact forces may also appear in cases where other particles hit 

the particle of interest. The flowing fluid initiates the drag forces due to the relative motion 

of the fluid and the particle. The wall contact force between the particle and the surface, also 

named as reaction force, is the most important force as it is responsible for the deformation 

of the surface.  

 

Figure 2.2 Schematic diagram of forces acting on a particle at a solid boundary. [2.7] 
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2.3.1.2 Viscosity 

Any increase of the liquid viscosity accentuates the drag force on particles. Hence, a high 

viscosity liquid will prevent particle collisions with the specimen surface, reducing the 

collision efficiency, and subsequently the erosion rate, as demonstrated by Clark in Figure 2.3 

[2.10].  Levy [2.11] has observed similar features in his research, where the erosion rate of 

mild steel under exposure on 23%wt 250μm SiC in solvent refined coal (SRC) process 

(viscosity = 52 x10-3 N s m-2) was decreased by 16 times compared with solids/tap water slurry 

(0.89 x10-3 N s m-2). 

 

Figure 2.3 Variation in erosion rate and collision efficiency of cylindrical steel targets 4.76 
mm in diameter as a function of viscosity for 3 wt% 75-106μm Al2O3 suspensions in a slurry 

pot tester at 18.7 m/s. [2.10] 

2.3.1.3 Velocity 

Finnie [2.12] showed a relationship between material removal and the square of velocity in 

air blast erosion. The erosion is correlated to the change in velocity using an exponent, n, as 

shown in Equation 2.3 below: 

_rate VnErosion ∝                                  Equation 2.3 

The “n” factor varies according to the slurry conditions (e.g. from 0.34 to 4.83) but for low 

solid concentration (less than 5 wt%) and ductile target materials, the exponent n is around 

2.5 according to Clark [2.13]. 

Since the impingement velocity interacts with other environmental parameters, the 

investigation of its effect on erosion is not straight forward. Levy et al [2.14], studied the 
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effect of velocity on erosion damage of carburised UNS G86200 in solid liquid impingement 

with sand concentration of 0.24g/cm3. At low velocity (12m/s) impingement resulted in 1.93 

x10-7g/g erosion rate of the carburised steel, whereas the same material exhibited four times 

higher erosion rate (8.39x10-7g/g) when the impingement velocity was almost doubled 

(23m/s). Further velocity increase (from 23m/s to 30m/s) almost doubled the erosion rate of 

the carburised steel (14.26x10-7g/g). As demonstrated by the researchers, the type of 

material can also play a significant role on the impact of velocity on erosion rates, as the hard 

carburised layer was eroded quicker at high flow velocities allowing the soft substrate steel 

to erode in shorter time compared with the low velocity (12m/s). 

According to Levy and Hickey [2.15], the “n” factor of velocity also depends on the 

sand concentration, as the erosion/velocity slope with 20%wt sand concentration was quite 

different from that with 50%wt sand concentration  for both UNS G10180 carbon steel and 

the UNS S30400 stainless steel. Hence, sand concentration interplays with the velocity which 

makes the erosion prediction more complicated. The severity of the velocity is also 

influenced by the impact angle of the solid particles as reported by Singh et al [2.16], who 

investigated the effect of velocity on the relative air blast erosion of two austenitic stainless 

steels (UNS S30400, UNS S31600) and a martensitic stainless steel (UNS S41000) under three 

different impingement angles (90o, 60o, 30o). The impact of the velocity was less predominant 

on 90o rather than on 30o angle of impingement. 

2.3.1.4 Sand characteristics 

2.3.1.4.1 Sand Size 

By increasing the particle size, the erosion rate will be accentuated [2.13]. The particle size 

can be related to erosion rate by Equation 2.4: 

_Rate (Particle_Size)mErosion ∝                            Equation 2.4 

where “m” is the particle size exponent. 

The particle size exponent “m” has been reported to vary in the range 0.3-2 [2.17]. 

This variation is attributed to the differences in the material properties, experimental 

conditions, particle size, and size distributions according to Clark [2.13]. Lynn et al [2.18], 

demonstrated that and increase in the particle size (from 20μm το 500μm) results in higher 

erosion rates of grade P110 oil well casing pipe steel in 1.2wt% suspensions of SiC powder in 
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diesel oil at 18.7m/s nominal speed due to the higher collision efficiency. Similar trends were 

found by Tian et al [2.19], who reported that an increase of the particle size led to intensified 

wear rates on the high chromium cast irons in a Corriolis tester. 

The prediction of the particle size effect is not simple and for this reason there is on-

going research on characterisation of the particles to understand their effect on erosion 

[2.20,2.21]. Clark and Hartwich [2.22] also reports that change of the erodent particle size 

can cause changes in the slurry flow conditions and particle impact behaviour which means 

that the experimental results with different particle sizes would hardly be directly 

comparable even though they have been conducted at the same nominal tests conditions. 

Clark’s statement about the complications that arise on studies that focus on the particle size 

effect was evident in the work of  Neville and Reza [2.23] on high chromium cast irons. The 

relative performance of the three white cast irons and the reference austenitic stainless steel 

(UNS S31603) was found to change with the change of the erodent size, showing clearly that 

the erosion resistance depends on the slurry conditions. 

2.3.1.4.2 Sand shape 

The sand shape should be considered along with the feed rate and the sand size to derive a 

relationship between the sand properties and abrasion, as reported by Woldman et al [2.24]. 

The particle shape dictates the form of the plastic deformation and the quantity of the 

displaced material by its collision. Palasamudram and Bahadur [2.25], conducted erosion 

tests in a fluidised bed tester and they reported that the round silica sand particles resulted 

in a smoother eroded surface of the UNS G10200 steel than the angular SiC and alumina 

particles which penetrated the steel’s surface deeper producing a rugged topography. It is 

noteworthy that the three sand types used in their study depicted extremely higher hardness 

than the target material, and hence the mechanisms described above were derived only by 

the sand shape. Desale et al [2.26], concluded similar outcomes in their study on the effect 

of shape of erodent particles on the erosion wear of ductile materials. In fact, they discovered 

that angular sand particles produce deep craters and generates higher average surface 

roughness compared to that of the rounded particles. 

2.3.1.4.3 Sand concentration 

As the solid concentration increases, the number of impacting particles in solid liquid mixture 

increases, causing higher erosion rates.  Levy et al [2.14], demonstrated that the erosion rate 
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of carburised UNS G86200 steel doubles when the sand concentration is raised from 

0.12g/cm3 to 0.24 g/cm3 at 23m/s sand water slurry impingement velocity. Neville and Hu 

[2.27], have also studied the effect of sand concentration on pure erosion resistance of three 

stainless steels (UNS S31245, UNS S32654, UNS S32750) under impingement. Their findings 

indicated that the mass loss of the stainless steels due to erosion was increased by a factor 

of two when the solid loading was raised from 150-200mg/l to 600-640mg/l. 

However, Steinour [2.28] suggested that above 5wt% sand concentration, significant 

interaction between particles is observed. Spencer and Sagues [2.29] investigated the 

erosion rate of UNS S30400 stainless steel under air jet impingement at 40m/s velocity at 

normal incidence and found that over the range of 1.4-8wt.% silica sand the erosion rate was 

reduced by 40%, in terms of mass loss per mass of the impinging particles. Similar particle-

particle interactions can also be obtained during slurry erosion, and a good example is 

reported by Turenne et al [2.30] work, in which the erosion rate of pure aluminium was 

increased as the sand concentration was increased on the slurry jet impingement apparatus. 

They showed that the influence of the sand concentration on erosion rate decreases as the 

sand concentration increases. The collision of the particles leads to loss of the kinetic energy 

of the particle that would subsequently cause lower impact energies on the target material. 

It is believed that an instantaneous stratified sand bed is formed at the target surface by the 

particles, which have insufficient energy to rebound off the target, and subsequently acts as 

a barrier to the incoming particles. This usually happens in circumstances, where the flow 

velocity is low. 

An additional view about the effect of sand concentration was derived by Zitoun et 

al [2.31], whose research focused on the investigation of the solids velocity, solid motion and 

orientation in solid liquid flow by using particle tracking velocimetry. They found that despite 

the solids interaction in high solid concentration, there is also a reduction of the free space 

for free motion that result in further reduction of erosion rates. 

2.3.1.5 Impingement angle 

The erosion rate of materials is strongly related to the impingement angle of the particles on 

the target surface. Finnie [2.32] showed that the maximum erosion damage of ductile type 

materials is observed between 10o and 20o. On the other hand, the mass loss of brittle 
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materials increases linearly by moving from glancing angles towards high impact angles (90o). 

Figure 2.4 demonstrates the wear trends of ductile and brittle materials. 

 

Figure 2.4 Impingement angle effects on a typical ductile (●) and brittle (○) material. [2.32] 

Finnie’s work [2.32] has shown that ductile materials are more susceptible at oblique 

angles as “cutting” mechanism takes place at those angles. He showed that the particles 

strike on the surface causing strain of the metal surface and initiating lips that would be 

detached after multiple cycles of plastic deformation. The brittle materials do not undergo 

such plastic strain processes and hence they show superior erosion performance at low 

angles. 

Burstein and Sasaki [2.33], showed that the austenitic stainless steel UNS S30400 

exhibited its maximum erosion rate at 43o, which agrees with Finnie’s findings as the UNS 

S30400 is a common ductile material. Feng and Ball [2.34], investigated the performance of 

WC-7Co hardmetal and a stainless steel UNS S30400 under air blast erosion. The WC-7Co 

hardmetal experienced a brittle response to erosion as the maximum erosion was obtained 

at 90o, whereas the UNS S30400 stainless steel exhibited a more ductile response since its 

maximum mass loss was obtained at 20o. 

Indication that the influence of angle of impingement can be similar in erosion-

corrosion situations come from the two following studies. Andrews et al [2.35], reported 

similar behaviour of the UNS S31600 stainless steel which displayed its highest erosion 
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damage on 45o under solid/liquid impingement. Stellite 6 exhibited its maximum erosion 

damage at 60o. The brittle Co carbides of the Stellite 6 were assumed to be the reason for 

this behaviour. Clark and Wong [2.36], also compared a brittle material (pyrex glass) with the 

ductile hot rolled UNS G10200 carbon steel in a slurry pot tester. Their outcomes showed 

similar features as Figure 2.4, where the brittle material undergoes high erosion rates on 

normal impacts but the maximum damage of the carbon steel was between 30o and 35o angle 

of attack.  

2.3.1.6 Relationship between the target material and the abrasive particle 

characteristics 

Further investigation of the microstructure of the target material and the sand particle 

properties is required to define the erosion resistance of material. Shipway and Hutchings 

[2.37] proposed the hardness ratio of the particles and the target material (Hp/Ht) to model 

the air blast erosion damage. If the particles were harder than the target, erosion by an 

indentation-induced fracture mechanism would occur, whereas when the particles are softer 

than the target, a small scale chipping mechanism would take place. Desale et al [2.38], 

showed that the hardness ratio can also be applied on erosion of ductile materials (UNS 

A96063 and UNS S30400) under 90o impingement with alumina particles in a slurry pot test. 

The lower the Hp/Ht ratio resulted in lower erosion rates of the tested materials. Desale et 

al [2.26] and Ninham [2.39] also studied the effect of hardness of the erodent on the erosion 

rate of various materials and they found that, no matter of the mechanical properties of the 

target, the higher the hardness of the abrasive the greater material loss would occur. 

The target hardness, though, cannot be considered as a single factor for erosion 

resistance prediction as other mechanical properties such as ductility, toughness and elastic 

modulus also play a significant role on the erosion behaviour of the target. Neville and Hu 

[2.27] have reported that macrohardness of the material is not the controlling factor of the 

pure erosion under slurry conditions as the UNS S42750 superduplex stainless steels (318HV) 

exhibited better erosion resistance than the two harder (335HV) superaustenitic stainless 

steels (UNS S31254 and UNS S32654) emphasising the role of microstructure. Giourntas et al 

[2.40], also reported that the simple correlation of the pure slurry erosion behaviour with the 

material hardness is questionable, as the UNS S32760 superduplex stainless (257HV) showed 

superior erosion resistance to impingement compared to the UNS S17400 martensitic 

stainless steel (358HV).  
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Hardness can be more indicative of the erosion resistance of the material when it is 

correlated with the elastic modulus, which is another important mechanical property. High 

values of the ratio of hardness to elastic modulus are always desirable to absorb high levels 

of elastic energy as well as having high resilience and toughness [2.41,2.42]. Some 

researchers are favoured to use the hardness in conjunction with fracture toughness [2.43]. 

Foley and Levy [2.44], studied the erosion behaviour of a UNS S30400 stainless steel on its 

annealed and as-wrought form on an air blast erosion tester. They found that the greater 

ductility of the annealed UNS S30400 provided an advantage against erosion compared with 

the as rolled form. In fact, the ability of the annealed UNS S30400 stainless steel to plastically 

deform during the repeated impact of the sand particles resulted to an increased yield 

strength which reduced the erosion rate.  

The complications about the hardness and the erosion rates are mostly evident on 

the impingement and not on the sliding abrasion, which is in essence a form of low impact 

angle erosion. This remark can be related to Finnie’s research outcomes [2.32] where the 

ductile materials, commonly soft metals, experience high erosion rates on the oblique angles 

whereas the brittle materials, mainly hard metals, are not affected at all. Richardson [2.45] 

proposed the necessity of the surface hardness to exceed the hardness of the erodent, 

particularly under abrasion conditions. Thus, the hardness facilitates a good estimation of 

the low impact angle erosion resistance of a material. 

It is clear that there is always an objective to quantitatively correlate the erosion 

damage to the mechanical properties of the target material. However, the use of the 

conventional mechanical properties is more likely to be unsuccessful according to 

Sundararajan [2.46], who suggested that the laboratory results would be more relevant, if 

researchers would incorporate mechanical properties determined under high-strain-rate 

conditions into pure erosion damage models. 

2.4 Corrosion Background [2.47–2.49] 
Most metals have a tendency to corrode in an aqueous environment as they are converted 

from their relatively unstable condition (alloy) to a more stable state (ore). In more detail, 

the tendency of corrosion to occur can be expressed via the thermodynamic property, free 

energy. Chemical thermodynamic principles demonstrate that a spontaneous reaction is 
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associated with a reduction in free energy of the system. In other words, when metal 

converts to corrosion product, the free energy change is negative. This transformation 

comprises two electrochemical reactions; anodic and cathodic. For example, the metal M 

corrodes as follows: 

zM M ze+ −⇒ +                               Equation 2.5 

Where, “z” varies according to the valency state of the metal. 

In neutral and alkaline aqueous solutions, the cathodic reaction is usually the following, also 

called as “oxygen-reduction”:  

( )2 22 4 4O H O e OH− −+ + ⇒                           Equation 2.6 

It is evident that the corrosion rate is controlled by the availability of oxygen at the corroding 

metal surface.  

In acidic environments, however, the following cathodic reactions are more likely to occur: 

22 2H e H+ −+ ⇒  (In the absence of oxygen)                Equation 2.7 

2 24 4 2H O e H O+ −+ + ⇒ (In the presence of oxygen)                Equation 2.8 

( )2 22 2 2H O e OH H− −+ ⇒ +  (“Water reduction reaction”)               Equation 2.9 

2.4.1 Electrode potential 
As shown in Equations 2.5-2.9, there is a charge transfer across the metal surface at anodic 

and cathodic sites. This charge transfer is associated with a potential difference which is 

called “the electrode potential” and it yields useful information about corroding metals. The 

measurement involves connection of the metal to a reference electrode via a high-

impedance voltmeter. The voltmeter would indicate the electrode potential measured using 

a stated reference electrode (e.g. saturated calomel reference electrode (SCE) or a 

silver/silver chloride reference electrode (Ag/AgCl)). 
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2.4.2 Equilibrium electrode potential 
For any given electrode reaction and specific circumstances, there is a certain value of 

electrode potential, Eo, called equilibrium electrode potential, at which the electrode 

reaction is at equilibrium. The value of Eo depends upon the temperature and the 

concentration of the chemical substances that take part in the reaction. For example, these 

relationships for the metal-dissolution reaction can be described with the following Equation 

2.10: 

ln nm
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×

                           Equation 2.10 

where, Cmn and Cm respectively represent the concentration of the metal in the aqueous 

environment and in the metal itself. 

R is the general gas constant 

T is the temperature, 

F is the Faraday’s constant 

n is the number of electrons involved in the reaction. 

Eo° is the standard equilibrium potential that represents a particular value of the equilibrium 

electrode potential when the substances are in the “standard states”. 

If the electrode potential is more positive than the equilibrium electrode potential, 

Eo, the electrode reaction is driven in the anodic direction (i.e. M → Mn++ne-) and eventually 

the corrosion of the metal is initiated. The rate of the electrode reaction at any electrode 

potential is governed by the polarisation phenomenon. 

2.4.3 Polarisation 
Since electrode reactions involve transfer of charge, their rates can be expressed in term of 

current flow. The magnitude of the current flow is dependent upon the electrode potential 

but also by so-called “polarisation phenomena”. The term “polarisation” relates to event at, 

or near, the metal surface controls the rate of the electrode reactions. The effects of 

polarisation are illustrated on “polarisation diagrams” that are plots of electrode potential 
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versus some function of current. Figure 2.5 shows the schematic diagrams of the anodic 

polarisations of two different electrodes. 

 

Figure 2.5 Anodic polarisation scans of two different electrodes (A & B). 

In flowing or turbulent conditions, the relationship between electrode potential and current 

is given by the Tafel relation (Equation 2.11), which for anodic reactions is  

10log a
o a

o

iE E b
i

 
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 
                   

Equation 2.11 

where, 

ba is known as the anodic Tafel slope, ia is the anodic current density and the io “exchange 

current density”. 

And for cathodic reactions 

10log c
o c

o

iE E b
i

 
− =  

 
                         Equation 2.12 

where, the E-Eo has a negative value since the E would be less negative than the Eo, the ic is 

the cathodic current density (i.e. rate of charge transfer across cathode interface), io is the 

exchange current density for the particular cathodic reaction and bc is the Tafel constant. 
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2.4.4 Passivity 
Passivity refers to the loss of chemical reactivity of the metal surface under particular 

environmental conditions. Some metallic alloys form thin, non-porous and adherent oxide 

films which protect the underlying metal from corrosive attack. Good examples of this type 

of behaviour are the stainless steels, other groups of chromium-rich alloys as Inconels (Ni-

base) and Stellites (Co-base), titanium. This group of materials is often called corrosion 

resistant alloys (CRA).  

2.4.5 Types of corrosion 
Corrosion is apparent in different types and these are divided into two major groups; general 

corrosion and localised corrosion. The general corrosion involves distributed attack over the 

surface of the material, and it leads to a generally uniform thickness loss. There are many 

different types of localised corrosion, some of which are discussed in the following sections. 

2.4.5.1 Galvanic Corrosion 

Galvanic corrosion occurs when two different metals are exposed to an aqueous solution and 

are in contact by bolting or welding or connected through an electrical conductor. An 

example of this galvanic cell is shown in Figure 2.6. The electrode potential of each metal 

dictates the corrosion tendency, and hence, the more electronegative of the two metals (i.e. 

the metal which has the more negative electrode potential) becomes the anode and the 

other metal becomes the cathode. As a result, the less noble metal suffers more corrosion 

whereas the more noble metal suffers less corrosion than if they were immersed in the same 

environment separately. The flowing current between these two components represents the 

additional corrosion damage exhibited by the anode. The driving force for galvanic corrosion 

is the difference in electrode potentials of the two components when exposed separately in 

the same environment.  
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Figure 2.6 Galvanic cell between aluminium (Al) and copper (Cu). 

The relative areas of the two metals are also important. Large areas of cathode, and 

small areas of anode will accelerate the attack on the anode, resulting in deleterious failure 

of the engineering system. The total rate of production of electrons (i.e. anodic current, ia) 

must be equal to the total rate of consumption of electrons (i.e. cathodic current, ic). 

a a c ci A i A× = ×                Equation 2.13 

where  

i is the current density (A/cm2) and A is the surface area of the component 

If Aa << Ac i.e. small anode with large cathode 

ia >> ic  high dissolution of the anode. 

2.4.5.2 Pitting and Crevice corrosion 

Pitting corrosion is a local attack that occurs due to the fact that some regions of the material 

surface have higher corrosion rates from others, either due to the absence of passive film or 

because of higher sensitivity to various environmental effects. As a result, both types occur 

on materials which have the ability to form passive films. Figure 2.7, shows the surface pits 

on the surface of an austenitic stainless steel under liquid impingement. 
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Figure 2.7 Example of pitting corrosion. 

The major difference between the pitting and crevice corrosion is that the former 

usually takes place on the free surface of a material whereas the latter develops under a 

deposit on the surface or at joints of an assembly. The pitting resistance equivalent number 

(PREN) [2.50] shown in Equation 2.14, determines the resistance of the stainless steels to 

pitting corrosion but it can be applied also to crevice corrosion too.  

 PREN w 3.3w 1.65w 16 wCr Mo W N= + + +              Equation 2.14 

where, 

Wcr is the weight percentage of chromium in the alloy, 

WMo is the weight percentage of molybdenum in the alloy 

Ww is the weight percentage of tungsten in the alloy 

WN is the weight percentage of nitrogen in the alloy  

Figure 2.8 demonstrates the low crevice corrosion resistance of the martensitic 

stainless steel UNS S42000, which confirms that the PREN number can also be applied for the 

crevice corrosion resistance. The martensitic stainless steel UNS S42000 exhibits a PREN of 

13, almost half the value of the austenitic stainless steel UNS S31600 (PREN = 27). 
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Figure 2.8 Corrosion attack on a UNS S42000 martensitic stainless steel under a 24h crevice 
corrosion test. 

2.4.5.3 Intergranular corrosion 

Intergranular corrosion takes place at grain boundaries with significant deterioration effects. 

The corrosion attack propagates into the material, which makes it one of the most dangerous 

forms of corrosion, as surface grains become detached from the component. The main cause 

of intergranular corrosion is the precipitation at/or adjacent to the grain boundaries of 

phases vulnerable to corrosion or depletion of an element that in crucial for the corrosion 

resistance of the material (e.g. chromium in stainless steels). 

2.4.5.4 Stress corrosion cracking and corrosion fatigue 

Both stress corrosion cracking (SCC) and corrosion fatigue involve failure of a component by 

crack propagation during service. SCC occurs in the presence of a steady applied or residual 

tensile stress. The environmental conditions are playing significant role on SCC initiation on 

each material, as they have to be extremely specific; e.g. low pH range or a certain 

temperature. During the SCC process, one or more cracks initiate on the surface of the 

component surface and a slow crack propagation occurs which is followed with component 

fracture or leak. Most SCC failures are originated from residual stresses, which makes the SCC 

prediction extremely difficult. On the other hand, corrosion fatigue involves deterioration 

under fluctuating stress loading that can occur in any environment. Material flaws, like 

inclusions, and corrosive environments accelerate the fatigue deterioration process of the 

component.  
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2.4.5.5 Hydrogen embrittlement 

Hydrogen embrittlement (HE) occurs by the ingress of hydrogen into the material surface, 

which leads to decrease of ductility and load bearing capacity. One example of HE is when a 

cathodic protection system is subjected to poor control. HE can also occur in heat affected 

zone (HAZ) of welded components or in hardened steels when they are exposed to hydrogen 

injection conditions. 

2.4.6 Environmental factors 
The severity of the corrosion is associated with the environmental factors that the alloy is 

exposed to. The effects of these environmental factors are discussed below: 

2.4.6.1 pH 

The pH is the measure of the hydrogen cations (H+) concentration in the aqueous solution, 

which is defined as pH = -log10 CH+. Figure 2.9 demonstrates the logarithmic pH scale (at 

temperature 25 oC) with the red side representing the acidic solutions and the blue side 

representing alkaline (basic) water.  

 

Figure 2.9 pH scale 

The fact that is logarithmic indicates that any change from one decade to the other, 

the H+ concentration should be either raised or decreased by ten times. The majority of the 

water in earth is around neutral state. However, some oil and gas operations and more 

frequently in mining processing involve either acidic or alkaline water. Also, pollution of the 

sea water can alter the pH from its normal pH of around 8. 

When pH becomes more acidic, the passive oxide film of the corrosion resistant 

alloys is likely to destabilise, which tends to cause accelerated corrosion on their metal 

surface. Exposure of materials, with absence of passive film, into low pH media would 

provoke hydrogen-reduction cathodic reaction rather than oxygen reduction. In multi-phase 

alloys, like high chromium white irons, the effect of pH causes complex phenomena. In 

neutral and acidic environments, local galvanic cells can be set up with the metallic matrix 
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acting as an anode, and the noble carbides the cathode [2.51]. In alkaline environments, 

though, it has been observed that the alkalinity transforms the carbides into anodic regions 

and the matrix as cathode [2.52]. 

2.4.6.2 Flow velocity 

It is well known that any increase of the flow velocity will result in an increase of the oxygen 

reduction reaction rate as the dissolved oxygen concentration at the metal surface will be 

enhanced. Figure 2.10 illustrates the difference in cathodic reactions when the fluid is in 

static and turbulent flow. The less steep cathodic polarisation indicates a higher rate of the 

cathodic reaction and, and thereby an increase of corrosion rate (shown by the interpretation 

of the anodic and cathodic polarisation curves). 

 

Figure 2.10 Corrosion rates in static conditions and turbulent flows. 

Thus, the flow velocity is a significant corrosion factor in neutral and alkaline 

solutions, where the oxygen reduction takes place. As stated earlier, in acidic conditions 

when the hydrogen reduction cathodic reaction occurs, the flow velocity is less important, 

until the flow velocity magnitude reaches a point where the mechanical damage arises. 
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2.4.6.3 Temperature 

Since corrosion comprises electrochemical reactions, temperature acts as a catalyst. In other 

words, the raise of the temperature will tend to increase the corrosivity of the aqueous 

solution. Figure 2.11 describes schematically the effect of the temperature in corrosion rates.  

  

Figure 2.11 Temperature effect on the weight loss of materials 

The accelerating effect of temperature can be stabilised by considering that the 

solubility of corrosive gases in water would be decreased when the temperature is 

considerably increased.  

Meng et al [2.1], studied the temperature effect on their evaluation of a superduplex 

stainless steel and austenitic stainless steel under solid/liquid impingement. The superduplex 

stainless steel wasn’t affected by the temperature rise from 18 oC to 50 oC as much as the 

austenitic stainless steel. The superior corrosion resistance of the superduplex stainless steel 

on Meng et al work was associated with the higher chromium content compared to austenitic 

stainless steel. Mesa et al [2.53], also reported that the specific mass loss was increased 

linearly with the testing temperature. Aiming et al [2.54], highlighted the testing temperature 

as corrosion factor as the mass losses of the stainless steels were raised in all impingement 

angles. Hu and Neville [2.55], also stated that the rise of temperature in conjunction with the 

higher solid loading can become deleterious on stainless steels. 

2.4.6.4 Dissolved salts 

The presence of sodium chloride in an aqueous solution intensifies the corrosion processes.  

The charged ions increase the electrical conductivity of the fluid solution. Hence, the current 

within the corrosion cells flows in higher magnitudes. In general, 99% of the dissolved solids 
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constitute of chloride (55.04%), sodium (30.61%), sulphate (7.68%), magnesium (3.69%), 

calcium (1.16%) and potassium (1.10%). These salts are playing a significant role to the 

corrosion action of the sea water. 

Addition of 3% NaCl into the acidic aqueous solution (pH=2)  resulted in higher 

corrosion rates of white cast irons in Tian and Taylor’s [2.56] work. Al-Malahy and Hodgkiess 

[2.57] reported that even the rise of 3.5% to 5.5% (maximum salinity percentage observed in 

sea water) can reduce the breakdown potential substantially, which indicates that the 

corrosion severity is increased. Guanghong et al [2.58], has also studied the effect of NaCl on 

SS316L and a 13Cr-23Mn-0.44N erosion-corrosion performance and they concluded that 

their mass loss ratios can be increased up to 50% in a slurry pot tester. 

2.4.6.5 Dissolved gases 

Dissolved gases often play a key role in stimulating corrosion. Oxygen, carbon dioxide and 

hydrogen sulphide are the most important dissolved gases in sea water. 

Oxygen is the basic element in the corrosion process occurring in most neutral and 

alkaline environments, as it is the key reactant of the oxygen reduction cathodic reaction. 

The concentration of oxygen at the metal surface depends on temperature, time, flow 

velocity and the biological activities that take place. De-aerated waters (absence of oxygen), 

tend to be less corrosive than the aerated. Parent and Li [2.59] have shown that the mass 

loss of the X65 and dual phase stainless steel erosion-corrosion damage is decreased to half 

when the dissolved oxygen is depleted.  

The carbon dioxide is contributing to the cathodic reaction rate by reducing the 

H2CO3 or dissociating the H2CO3 that can result in higher source of H+ ions, forming a weak 

acid, called carbonic acid. Yu et al [2.60] stated that the mass loss of X65 steel is increased by 

50% by the dissolved CO2 at a slurry velocity of 3.5m/s, whereas the difference between the 

aerated slurry and aerated slurry and CO2 would be decreased when the slurry velocity would 

increase. 

Hydrogen sulphide is also apparent in sea water solutions as a product of metabolism 

reactions of the sulphate reducing bacteria (SRB). The concentration of hydrogen sulphide 

usually amplifies the corrosion of ferrous and non-ferrous materials.  
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2.4.7 Electrochemical monitoring systems 

2.4.7.1 DC - Linear polarisation  

Stern-Geary [2.61] simplified the kinetic expression to provide an approximation to the 

charge-transfer-controlled reaction kinetics given by Equations 2.11 and 2.12 for the case of 

small over potentials with respect to Ecorr. If the equations will be linearised by taking its 

series expansion and neglecting higher terms, the equation will form as described below: 

 

2.3 ( )
a c
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b bR
b b i
×

=
× + ×

                       Equation 2.15 

where,  

Rp is the polarisation resistance measured through the gradient of the polarisation plot (E/I) 

at small overpotentials (dE/dI).  

 

The Equation 2.15 can be rearranged in respect to icorr: 
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                Equation 2.16 

 

Since the measured current is approximately linear within a potential range of ±20mV from 

Ecorr, this technique is called linear polarisation. Linear polarisation monitoring is mainly used 

to provide reasonable estimates of changes in corrosion rate without altering the surface 

condition of the specimen. Calculations of accurate values of corrosion rate crucially depend 

on using the reliable values of the anodic and cathodic Tafel slopes (ba and bc). In cases where 

the Tafel slopes are not known, the Rp can still provide a qualitative indication of the 

corrosion current density. 

2.4.7.2 DC - Tafel plots 

The Tafel plots are not limited to scans of small potential ranges around Ecorr but they utilise 

a broader DC potential spectrum (at least 200mV away from Ecorr). Figure 2.12 demonstrates 

the E/I plot, where the current is plotted on a logarithmic scale, and the coloured lines 

represent the Tafel plots for the anodic (red) and cathodic (blue). Extrapolation of the linear 

parts of the scans back to Ecorr yields the corrosion current density. 
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Figure 2.12 Schematic diagram of an anodic and cathodic polarisation along with the Tafel 

extrapolation lines. 

Faraday’s law can be applied to determine the mass and thickness loss due to 

corrosion, from the corrosion current density. Faraday’s law declares that the mass loss of a 

substance during an electrode reaction is directly proportional to the quantity of electricity 

transferred at that electrode in relation to the anodic reaction M = Mz+ + ne-. 

_ corrMass Loss i∝                          Equation 2.17 

Faraday law also states that for a given quantity of electric charge, the mass loss of a metal 

is directly proportional to the element’s equivalent weight. Thus, the synopsis of Faraday’s 

law can be described by the Equation 2.18 below: 

_ i MMass Loss
n F
×

=
×

                         Equation 2.18 

where,  

i is the corrosion current, M is the molar mass of the alloy, n is the valency of the metal and 

F is the Faraday constant. 

The thickness loss, also referred as penetration rate, is also useful factor for the industry and 

it is expressed in mm/year using the Equation 2.19 below: 
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_ 60 60 24 365i MThickness Loss
n F Aρ

×
= × × × ×

× × ×
                     Equation 2.19 

where, 

ρ is the material’s density and A is the exposed surface area. 

This technique can be used to provide information on the corrosion behaviour in three ways: 

1) Corrosion rate through Tafel extrapolations.  

2) The values of the Tafel slopes of anodic (ba) and cathodic (bc) curves, which are 

required for the icorr calculation in linear polarisation exercises. 

3) The breakdown potential, which is an indication of the localised corrosion resistance 

of a material, can be measured by undertaking a wider anodic scan than that required 

for the Tafel extrapolation.  

2.4.8 Mitigation of corrosion  
Corrosion can be mitigated through various protection techniques that are listed below: 

1. Application of inhibitors 

2. Material selection that involves CRA’s and coatings 

3. Application of cathodic protection methods 

2.4.8.1 Application of inhibitors 

Inhibitors are widely used as corrosion control strategy, especially in oil and gas pipelines. 

The inhibitor mechanism is consisted by its adsorption on the metal surface forming a 

compact protective thin layer. This protective film enables suppression of either anodic or 

cathodic reactions or both. The effects of organic inhibitors have received some attention in 

relation to erosion-corrosion. Neville and Wang [2.2] reported that the erosion-corrosion 

resistance can be substantially increased, up to two times, by adding inhibitors which are 

minimising the corrosion component to zero.  

The effect of inhibitor concentration was also assessed by the same group of 

researchers, discovering that the higher inhibitor concentration results in additional 

corrosion resistance even in erosion-corrosion conditions [2.62]. Hu et al [2.63], have 

examined the effect of the corrosion inhibitors used on real elbows’ pipework to determine 

the degradation mechanisms, and they found that the concentration and the type of the 
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inhibitor used in the flowing system influences substantially the corrosion protection of the 

elbows.  

2.4.8.2 Material selection 

Carbon steels are widely employed in many engineering sectors due to their low cost and 

their attractive mechanical properties. However, their drawback is their relatively poor 

corrosion resistance. There are two main strategies to counteract their poor performance 

under corrosive slurries; application of corrosion resistant coatings or their replacement with 

corrosion resistant alloys. The corrosion resistant coatings function as barriers to the 

exposure of the substrate to the environment.  

Fusion bonded epoxy coatings are widely selected for the corrosion protection of 

offshore pipelines [2.64]. HVOF spray WC-based coatings comprise another group of 

corrosion resistant coatings, which can double the service life of a component, according to 

Hodgkiess et al [2.65]. The application of CRAs into engineering components as potential 

candidates of replacement of carbon steels is also a possible corrosion mitigation route 

[2.66]. Giourntas et al [2.40], showed that stainless steels exhibit up to eight times greater 

corrosion resistance than carbon steel under solid/liquid impingement. Karafyllias et al 

[2.67], has also reported the substantial difference in corrosion behaviour when the pH is 

more acidic (pH = 4) and the superduplex stainless steel shows about 110 times lower 

corrosion rate (icorr) than the carbon steel under solid/liquid impingement. 

2.4.8.3 Cathodic protection 

The basis of cathodic protection is to drive the electrode potential (Ecorr) of the freely 

corroding component down to more negative values. This shift of the electrode potential 

stimulates cathodic reactions and reduces the rate of the anodic reactions which are 

completely suppressed when the electrode potential reaches the value of the equilibrium 

electrode potential for the anodic reaction. The electrode potential shift can be achieved by 

either application of a direct current from an external DC generator or as a result of 

electrically coupling the component to a less noble metal. 

2.5 Synergy 
As mentioned in section 2.1, the synergy is not a totally separate deterioration process but 

the interaction between the electrochemical and mechanical mechanisms. This type of 
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material degradation can be a result of a series of corrosion effects that enhance the 

mechanical damage. Wood et al [2.68], reported that the transformation of the austenite to 

martensite, as work hardening process occurs during the impact of solid particles to the 

target material, creates a hardened layer which is more vulnerable to corrosion and to 

instantaneous removal resulting in exposure of the softer metal surface that will enhance the 

erosion. 

Intergranular corrosion can also increase the erosion rate, as entire grains flake off 

the metallic structure as a result of lack of mechanical support. Figure 2.13 represents a 

photomicrograph of a grey cast iron specimen that had been subject to erosion corrosion 

with an impinging jet [2.69]. Corrosion has occurred along the graphite/metal interface and 

this has accelerated the removal of material by erosive action.  

 

Figure 2.13 Example of the synergy mechanism during erosion-corrosion of grey cast iron in 
saline solution. [2.69] 

The galvanic interactions in multiphase materials, like Co-based alloys or high 

chromium cast irons, can also result in accelerated erosion. It is evident from Neville and 

Hodgkiess [2.70] study on superduplex stainless steel, Stellite 6 and Inconel 625, where the 

superduplex stainless exhibited the least synergy (12%) where the multiphase alloys’ synergy 

percentage was double to 22% and 24% for Stellite 6 and Inconel 625, respectively. Another 

example which indicates the role of the microstructure on the synergistical effect is apparent 

from the work of Jones and Llewellyn [2.71], where the hypereutectic cast iron synergy was 

higher than the austenitic stainless steel UNS S31600 under the same testing conditions.  

It is generally accepted, though, that the synergy of materials depends on their 

characteristics and also on the exposure environment. Figure 2.14 illustrates the view of 
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Neville [2.72], who reported that the synergy is mainly apparent on erosion-corrosion 

conditions, and the synergy component is decreasing when the environment becomes 

erosion or corrosion dominated. 

 

Figure 2.14 Regimes in erosion-corrosion. [2.72] 
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Chapter 3: Experimental Methods 
 
 3.1 Introduction 
In this chapter, the experimental methods that have been commonly used throughout this 

study are described. The methods have been divided as follows; pre-test methodologies, 

erosion-corrosion testing procedures and post-test analysis techniques. 

3.2 Pre-test Methodologies 

3.2.1 Source of materials 
A total of five metallic alloys, two High Velocity Oxy-Fuel (HVOF) cermet coatings and two 

sintered cermets were subjected to erosion-corrosion testing. Table 3.1 shows the range of 

materials tested in addition to the corresponding chapters of this thesis, in which test 

results and conclusions are reported in detail. 

Table 3.1 List of supply materials and corresponding chapters 

Materials Corresponding chapters 
UNS G10400 Chapter 4 
UNS S31600 Chapter 4, 5 and 6 
UNS S42000 Chapter 5 

27%Cr cast iron Chapter 5 
37%Cr cast iron Chapter 5 

Sin WC-11Co  Chapter 6 
Sin WC-6Ni Chapter 6 

HVOF WC-12Co  Chapter 6 
HVOF WC-10Ni  Chapter 6 

 

The commercially available medium carbon steel (UNS G10400) and the two stainless steels 

(UNS S31600 & UNS S42000) were supplied as round bars and these were sectioned into 

17mm thick cylindrical specimens of 35mm diameter and 38mm diameter for the medium 

carbon steel and the stainless steels, respectively. The white cast irons (27%Cr & 37%Cr) 

specimens were electro-discharge machined (EDM) from industrial quality frame plate liner 

inserts (Figures 3.1 & 3.2) supplied by Weir Minerals, Australia foundry. The finished 

dimensions following EDM were 38mm diameter and 17mm thickness.  
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Figure 3.1 27%Cr cast iron frame plate liner insert (diameter: 240mm, thickness: 30mm) 

 

Figure 3.2 37%Cr cast iron frame plate liner insert (diemeter: 430mm, thickness: 35mm) 
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The sintered WC-based cermets (Sin WC-11Co & Sin WC-6Ni) were provided as cylindrical 

test coupons of 38mm diameter and 7mm thickness. The HVOF cermet coatings (WC-12Co 

& WC-10Ni) were sprayed on top of the cylindrical specimens of the austenitic stainless 

steel (UNS S31600) substrate and the coatings were deposited by an external provider in 

accordance with industrial standards.  

3.2.2 Surface preparation of the test coupons 
The surface preparation of the test coupons involved grinding with 220, 500, 800 and 1200 

grit papers which developed a surface finish of 0.07μm Ra. The cermet materials were 

tested in their as-received condition (surface finish of Ra = 0.2-0.4μm) in order to evaluate 

the industrially relevant surface finishes. 

3.2.3 Metallographic preparation 
Each test material was evaluated with the aid of standard metallographic preparation 

methods. This consisted of mechanical sectioning by a Struers Discotom-2 abrasive cutting 

machine, hot mounting on a Struers PromtoPress-10 mounting machine and final grinding 

and polishing on a Struers RotoPol-21 using a 1μm diamond paste. For the metallic 

materials a subsequent etch (Table 3.2) highlighted their microstructure prior to their 

examination under an Olympus GX-51 light microscope. 

Table 3.2 Assigned etching agents for the materials studied. 

Test Materials Etching Agents 
UNS G10400 2%Nital 

UNS S31600 & 37%Cr cast iron 10% Oxalic acid (electrolytic 1V DC) 
UNS S42000 & 27%Cr cast iron Kallings reagent swab etched 

3.2.4 Material characterisation 

3.2.4.1 Wavelength-dispersive X-ray Spectroscopy (WDS) 

A HITACHI SU-6600 high resolution analytical variable pressure field emission scanning 

electron microscope was employed for the wavelength-dispersive X-ray spectroscopy 

(WDS) analysis, along with imaging of the microstructures in their pre-test and post-test 

states. The WDS enabled the quantitative analysis of the chromium content in cast irons 

and the metallic binder (i.e. Co and Ni) of the cermets. The 45 faradays cup universal block 

layout with certified reference material standards was used to compare the X-ray intensity 

count rates of chromium in the detector at 20kV. 
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3.2.4.2 X-ray Diffraction (XRD) 

A Bruker D8 Advance with Davinci X-ray diffractrometer (XRD) with Gӧbel Mirror type of 

optics was also used to determine the metallic and ceramic phases of the cermet materials. 

A Cu tube was utilised with the two theta range from 30o to 130o, step size of 0.025o and 

step time 0.3s at 40kV and 40mA. 

3.2.5 Hardness measurements 
Macrohardness measurements were obtained for all the test materials by using a calibrated 

Vickers hardness tester. The load used for the metallic alloys and cermets were 5kgf and 

20kgf, respectively. Consideration was given to the fact that the depth of the indentation 

corresponded to lower than 0.1 of the cermet coatings’ thickness [3.1]. The error of the 

macrohardness tester was found to be ±15HV and this was determined by taking 10 

measurements on a calibration test block. Micro-hardness measurements were determined 

via the Mitutoyo MVK-G1 micro-hardness tester with a load of 200gf for the hardness 

measurements of phases and 50gf for the hardness assessment of the chromium carbides 

of the white cast irons and the primary metallic phases (austenite and martensite). 

3.2.6 Volume fraction measurements 
The volume fraction measurements involved etching of the cross sections to distinguish the 

different phases of the high chromium cast irons. Through the Image J software package, 

the average area fraction of the phases, which in essence represents the volume fraction, 

was obtained. In this way the volume fraction of carbides and the metallic matrix were 

measured quantitatively. It is noteworthy that the austenitic based cast iron (37%Cr cast 

iron) was etched with 40% Potassium Hydroxide (electrolytic 1V DC) to highlight the 

different phases and metallographic features. The optimum magnification for the volume 

fraction of carbides and ferrous matrix was x100 and, for the determination of the eutectic 

matrix balance, x500 was utilised.   

3.2.7 Surface roughness measurements 
Surface roughness measurements were performed on a Mutotoyo SurfTest machine in 

accordance with the BS EN ISO 4288 [3.2] , which suggests at least 4mm travel distance of 

the stylus pin for accurate measurements. Table 3.3 illustrates the conditions of the Stylus 

during the surface roughness measurement. 
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Table 3.3 Surface roughness measurements conditions 

Measurement length 5.6mm 
Range 800μm 
Speed 1m/s 
Pitch 1.0μm 

Number of points 5,600 

3.2.8 Sand characterisation 
Two types of silica sand particles were employed for the solid/liquid impingement tests 

herein. The hydraulic fracturing sand is commonly used in hydraulic fracturing operations 

and it possesses 7 mohs hardness, which is about 1,160HV. Figure 3.3 shows the spherical 

shape of this particle along with its size. The main difference with the second batch of silica 

sand is the shape of the particle, as the average size is quite similar. The second silica sand 

exhibited a sub-angular shape, as shown in Figure 3.4. Figure 3.5 demonstrates the size 

distribution of both sand types as measured through standard sieves with sizes from 710μm 

- 600μm - 500μm - 410μm - 325μm - 250μm - 180μm. 

 

Figure 3.3 Hydraulic fracturing sand particles of 500μm average size. 
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Figure 3.4 Silica sand particles of a wide range of 355μm-500μm size range of particles. 

 

Figure 3.5 Average size distributions of the two silica sand types used in this thesis. 
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3.3 Erosion-corrosion testing procedures 

3.3.1 Testing protocol 
The initial step of the testing procedure was the surface preparation of the specimens, as 

described in Section 3.2.2, followed by cleaning with methanol and then weighing at least 

five times on a mass balance with 0.1mg accuracy. The erosion-corrosion impingement 

tests were conducted on a submerged jet impingement rig, as shown in Figure 3.6. The rig 

was filled with 33L of pre-heated water in order to avoid any temperature change during 

the impingement tests. Sodium chloride (NaCl) of 1,150g content was dissolved into the 

pre-heated water to simulate the chemistry of sea water of 3.5%NaCl. A HANNA HI9033 

multi-range portable conductivity meter was used to verify that the salinity of the aqueous 

solution was the same (50mS/cm2) for each experiment. 

 

 

Figure 3.6 Schematic diagram of the submerged jet impingement rig showing also the 
electrochemical monitoring system (A- Auxiliary Electrode, R- Reference Electrode and S – 

Specimens or Working electrode) 
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The test coupon was located in the centre of the specimen holder inside an 

extruded blind hole of 40mm diameter and 17mm thickness, as shown in Figure 3.7. The 

distance between the nozzle and the specimen was held constant at 5mm with the aid of a 

5mm thick disc. The impingement angle was constant at 90o. The specimen holder was 

assembled with the impingement rig and the specimen was submerged 10cm below the 

water level. The sand was loaded into the aqueous solution gradually within the first 

seconds of experiment. The duration of the tests varied. Initially, the duration was 1h 

(Chapter 4) but thereafter, it was decided that better discrimination of the comparative 

materials would be obtained by higher overall mass losses. Hence, the testing duration was 

increased to 2h (Chapters 5 & 6). The post-test coupon was cleaned with methanol and 

dried with pressurized air prior to the final mass measurement. After each test, the 

impingement rig was drained; cleaned and new slurry (aqueous solution and sand) was 

used for each test. 

 

Figure 3.7 Coupon holder with the test coupon in place. 
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3.3.2 Flow velocity/sand concentration measurements 
The flow velocity and the sand concentration were measured by filling the impingement rig 

with the 33L water and solid loading equal to that of the impingement tests. After 15mins 

of operation of the pump a plastic hose was placed underneath the submerged nozzle exit 

and the flowing water solution was collected on a 10L beaker. The beaker had a 250μm 

sieve fitted to accumulate the sand particles. The collection duration was 30 seconds. The 

jet velocity was calculated using the Equation 3.1 below:   

*

230 n

QV
Rπ

=
×

                             Equation 3.1 

where,  

V is the flow velocity 

Q* is the flow rate per 30 seconds 

Rn is the nozzle radius 

The sieve was dried in a pre-heated oven (220oC) and the sand sample was weighed 

on a balance of 0.1mg accuracy. The sand concentration was obtained through the flow 

rate in mg/L. The velocity and sand concentration tests were performed every five 

impingement tests to confirm the repeatability and reproducibility of the tests. It should be 

noted that no variation of the flow velocity and sand concentration was observed 

throughout each testing phase. 

3.3.3 Segmentation of the test specimens 
To determine the corrosion rates on the zone under the jet and the region adjacent to it, 

the 38mm Dia test coupon was segmented into two separate specimens; one with 0.2cm2 

(5mm Dia) surface area, which represents the direct impinged zone (DIZ) and the other with 

11.0 cm2 surface area, which represents the outer area (OA). The metallic alloys and the 

HVOF coatings were segmented using a Maxiem abrasive waterjet 1515 by setting up a 

circular cutting path of 5mm diameter right in the centre of the specimen, as shown in 

Figure 3.8. The solid sintered cermets were segmented using the electro-discharge 

machining (EDM) into the two separate components. 
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The two sections of the segmented specimens were spot welded or soldered to 

electrical wires to form electrodes. The small specimen was inserted in the centre of the 

remainder of the specimen surrounded by a heat shrink tube of 0.8mm thickness to provide 

the electrical insulation between the two specimens. They were encapsulated in 40mm 

diameter cold mounting moulds, which also offered an additional electrical exchange 

barrier between the two specimens. Figure 3.8 illustrates an example of the segmentation 

and encapsulation of the medium carbon steel (UNS G10400). Figure 3.9 shows the fresh 

water test to ensure that the slurry would impinge directly on the central segment of the 

specimen prior to any electrochemical monitoring test. 

 

Figure 3.8 The two segments of the 35mm UNS G10400 steel specimen (left) and the 
encapsulated segmented UNS G10400 steel (right).  

 

Figure 3.9 Fresh water test on the segmented WC-6Ni sintered cermet specimen. 
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3.3.4 Linear and Potentiodynamic polarisation scans 
Linear polarisation scans were utilised to indirectly monitor the corrosion rate of the 

specimens (full and segmented) during the impingement test. The linear polarisation scans 

as well as the full potentiodynamic polarisation scans employed a standard three-electrode 

cell (Ag/AgCl reference electrode, platinum auxiliary electrode and the working electrode 

(test piece)) using Gill AC electrochemical equipment. The linear polarisations comprised a 

40mV scan, starting from 20mV more negative from Ecorr to 20mV more positive to Ecorr 

whilst recording the cell current. The sweep rate was 14mV/min. The linear polarisation 

technique involves plotting electrode potential versus cell current and the determination of 

the gradient of the E/I plot yields the “polarisation resistance” (Rp), which, by reference to 

electrochemical theory, can be considered to be inversely proportional to the specimen’s 

corrosion current density. The time intervals of the linear polarisation scans were the first 5 

mins, 30mins, 60mins and 90mins, respectively.  

After the linear polarisation scan (90min), the full DC anodic potentiodynamic 

polarisation scan started by shifting the potential of the testing piece from 20mV more 

negative to Ecorr, to more positive potentials (about 300mV above Ecorr) at a fixed sweep 

rate of 14mV/min. The potential range of each polarisation was sufficient to facilitate 

corrosion current determination via Tafel extrapolation. 

3.3.5 Application of cathodic protection 
The standard three-electrode cell (Ag/AgCl reference electrode, platinum auxiliary 

electrode and the working electrode (test piece)) using Gill AC electrochemical equipment 

was also used for the Impressed Current Cathodic Protection (ICCP) tests. The National 

Association of Corrosion Engineers (NACE) suggests that the level of cathodic protection in 

soils and water is accepted for carbon-manganese at potentials of -850 mV (Ag/AgCl). 

Cathodic potentials more negative than -850mV should be avoided as water reduction 

reaction (Eq. 2.9) will take place, as illustrated in Figure 3.10, and hydrogen embrittlement 

would be likely to occur.  
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Figure 3.10 Cathodic reactions that occur in different cathodic protection potentials. 

Therefore, the potentiostatic tests performed herein facilitated mitigation of any 

electrochemical processes on the testing sample by keeping the electrode potential at -

850mV (Ag/AgCl reference electrode). The selection of the electrode potential was also a 

result of the back extrapolation of the linear Tafel region of each material which showed 

that the residual anodic current densities at -850mV were representing a negligibly low 

percentage of the corrosion rate of the specimen. Figure 3.11 shows, in more detail, a 

representation of the back extrapolation on the anodic polarisation chart.  

52 
 



Chapter 3: Experimental Methods 
 

 

Figure 3.11 Example of the back extrapolation to distinguish the residual current densities 
at -850mV cathodic protection potential. 

Table 3.4 shows the measured corrosion current densities along with the residual anodic 

current densities of the materials assessed in the following chapters to determine the effect 

of the selected cathodic protection potential (-850mV) on the suppression of the 

electrochemical reactions. It should be noted that the current densities of the metallic 

materials have been estimated through the surface area of the specimens (11.34 cm2), 

whereas the cermets’ current densities have been considered with the surface area of the 

binder.  

Table 3.4 Residual current densities of the test materials at -850mV cathodic protection 
potential. 

Material 
Corrosion 

Current Density 
(μΑ/cm2) 

Residual Current 
density (μΑ/cm2) 

Corrosion rate reduction 
with -850mV cathodic 

potential 
UNS G10400 350 2.8 99.2 % 
UNS S31600 7 0.2 97.2 % 
UNS S31600  7 0.1 98.6 % 
UNS S42000  26 0.8 96.9 % 

27%Cr cast iron 35 0.1 99.7 % 
37%Cr cast iron 4 0.1 97.5% 

UNS S31600  9.7 0.4 95.9 % 
Sin WC-11Co  500 0.5 99.9 % 
Sin WC-6Ni  30 0.8 97.3 % 

HVOF WC-12Co  440 1.6 99.6 % 
HVOF WC-10Ni  400 1.8 99.6 % 
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3.4 Post-test analysis techniques 

3.4.1 Macro and micro examination 
Macro-examination of the post-test surface of each material is an initial step to understand 

the features of the deterioration mechanisms that occur during the solid/liquid 

impingement tests. Thus, images of the post-test surfaces of each material specimen were 

captured by using a standard digital SLR camera.  

3.4.2 Surface topography 
The post-test surface was assessed using an Alicona Infinite Focus Optical Microscope. The 

Alicona software enabled the definition of the X, Y and Z coordinates to scan the area of 

interest, which in this case is the area directly under the impinging jet, or in other words, 

wear scar. Each test coupon was scanned with an optical magnification of 5x, in which the 

vertical resolution ranged from 26.5μm to 200nm. To achieve precision through this surface 

topography assessment, the vertical resolution was set at 800nm.  Hence, the 3-D model of 

the surface exhibits ±1μm error in surface texture and 0.02mm3 in volumetric analysis, 

which can effectively be ignored. 

The surface texture analysis mimics the conventional methodology of a Stylus, by 

initiating a line scan on the wear scar. However, multiple scans are created simultaneously 

to distinguish the deepest wear scar profile. By utilising the colour bands of the 3D scan, 

higher precision profile scans, with respect to the depth size and geometry, were achieved. 

The wear scar depths are essential to understand the deterioration mechanisms that occur 

within this area. However, volumetric analysis of the wear scar, adds value on the overall 

surface topography as it becomes a more effective quantitative tool. The programme 

yielded the formation of a polygon that comprised the area of interest and then a 

calculation of the volume below the surface was executed.  

Calibration tests were performed on the Alicona machine prior to the volumetric 

analysis of the post-test materials to certify the accuracy of the equipment. To facilitate 

this, a blind hole of 5mm diameter and 90μm depth was drilled on a 38mm diameter UNS 

S17400 specimen using a CNC machine. Figure 3.12 illustrates the UNS S17400 stainless 

steel with the 90μm blind hole at its centre and Figure 3.13 shows the profile scan of the 

cylindrical scar as obtained by the Alicona machine. Therefore, the volume of the holes 
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(mimicking a cylinder) were scanned by the Alicona Infinite Focus and they were verified by 

comparing it with the mathematically measured volume, since the diameter and the depth 

were known. Table 3.5 summarises the calibration measurement along with the 

mathematical calculation of the cylinder. The Alicona volume loss measurement depicted 

7% difference (error) with the mathematically volume calculation due to the fact that the 

latter considers the volume of a perfect cylinder. 

 

Figure 3.12 UNS S17400 specimen with a 5mm diameter and 90μm depth blind hole at the 
centre. 

 

Figure 3.13 A profile scan of the 90μm blind hole on the UNS S17400 specimen. 
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Table 3.5 Summary of the calibration activities.  

Measurement method Volume of the blind hole (mm3) 

Mathematical 1.76 

Alicona 1.63 

 

Figure 3.14 shows any potential errors on the top surface axis due to thickness loss by 

sliding abrasion, corrosion or synergy. They are estimated to be negligible. Table 3.6 shows 

the estimations of the errors on the volumetric analysis by considering the average wear 

scar depths and thickness loss in the outer region of the materials studied in the following 

chapters. The maximum errors of the profilometry measurements is 2.44% on the HVOF 

WC-12Co coating, and 2.18% on the sintered WC-11Co cermet. All the other comparative 

materials are falling into less than 1% error. The error at the cathodic protection specimens 

was generally reduced as sliding abrasion was the single degradation mechanism of the 

outer region.  

 

Figure 3.14 Typical 2D profile scan with the thickness loss due to sliding abrasion and 
corrosion related component.  
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Table 3.6 Volume loss measurement error estimation according to wear scar and thickness 

loss in free erosion-corrosion (FEC) and cathodic protection (CP) conditions. 

Material 

Wear scar depth 
(μm) 

Thickness loss outside 
the wear scar (μm) Error (%) 

FEC CP FEC CP FEC CP 

UNS G10400 122 126 0.92 0.31 0.75 0.25 

UNS S31600 110 100 0.31 0.18 0.28 0.18 

UNS S31600 99 95 0.49 0.45 0.49 0.47 

UNS S42000 107 83 0.50 0.41 0.47 0.49 

27%Cr cast iron 85 73 0.47 0.15 0.55 0.21 

37%Cr cast iron 130 99 0.46 0.46 0.35 0.46 

UNS S31600 87 86 0.52 0.52 0.60 0.60 

Sin WC-11Co  33 13 0.72 0.07 2.18 0.54 

Sin WC-6Ni  16 17 0.08 0.07 0.50 0.41 

HVOF WC-12Co  57 30 1.39 0.02 2.44 0.07 

HVOF WC-10Ni  89 53 0.33 0.03 0.37 0.06 

 

3.4.3 Post-test Hardness measurements 
A Zwick ZHVI Knoop hardness tester was employed to determine potential subsurface 

hardening effects on the post-test surface of the austenitic stainless steel. The small 

thickness of the indentations, shown in Figure 3.15, facilitated the determination of the 

30um thick layer’s micro-hardness with average 5μm distance from the interface of the 

specimen with the Bakelite which could potentially affect the results. The load used on each 

indentation was 500gf. The distance between the indentations was kept higher than 

270μm, as shown on Figure 3.16, to avoid any loss of accuracy by the plastically deformed 

surface due to the indentation load. The calibration specimen demonstrated that the 

accuracy of each measurement was ±4HK. 
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Figure 3.15 Typical example of the Knoop hardness indentation morphology. 

 

Figure 3.16 Example of the intermediate distance between the Knoop hardness 
indentations. 

3.5 References 
[3.1] ISO 14577-4 (2007): Metallic materials – Instrumented indentation test for hardness 

and materials parameters – Part 4: Test method for metallic and non-metallic 

coatings, 4 (2007) 14577. 

[3.2] BS EN ISO 4288:1998 British Standard for Geometric Specification and Surface 

Texture, (1998). 
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Chapter 4: Development of a novel erosion-corrosion assessment technique 
 
4.1 Introduction 
The main focus of this chapter is to describe a method of investigating erosion-corrosion 

behaviour of materials using the submerged jet apparatus with a novel, expanded 

assessment of the post-test surface damage. This yields an evaluation of the mechanical 

processes, electrochemical responses and the synergistical effects that occur 

simultaneously on the target material surface during solid/liquid impingement. 

The organisation of this chapter commences with a review of the erosion-corrosion 

assessment methods, and the role of surface topography in the development of this 

enhanced experimental approach. The new technique was validated by means of erosion-

corrosion experiments on a carbon steel and an austenitic stainless steel, hence a literature 

review of the behaviour of these two materials was undertaken. This section is then 

followed by a detailed presentation of the experimental results, data analysis and 

discussion of the findings. 

4.2 Summary of erosion-corrosion assessment methods 
A number of experimental techniques have been adopted for studying the complexities of 

the erosion-corrosion phenomena. These include slurry pot [4.1–4.4], rotating cylinder 

[4.5–4.7] and Corriolis tester [4.8–4.10]. These approaches have their limitations, as they 

enable examination of low impingement angles and not the complete spectrum of angles 

(from 0o to 90o) to which most industrial components are subjected. In fact, Tian et al [8] 

attempted to extend the range of impingement angles in a Corriolis tester but this 

approach does not appear to have been followed up. 

On the other hand, the submerged jet impingement is a commonly used erosion-

corrosion technique because it facilitates assessments within a wide range of impingement 

angles [4.11,4.12]. In such experiments, an aqueous stream, with or without solid particles, 

is directed onto a specimen whose surface area is greater than the diameter of the jet. The 

current study has focused on the 90o angle of impingement, as most use of this technique 

has involved normal incidence (90o) [4.13–4.18], recognising though, that there is an 

opportunity to investigate simultaneously the effects of low angle of impingement that also 

take place on the testing coupon. Figure 4.1 shows an example of the post-test surface of 

the UNS S31600 after solid/liquid impingement, which comprises two discrete regions: 
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• The directly impinged zone in which a distinct wear scar is produced by solid 

particles impinging at angles that vary from 85o in the centre of the wear scar to 45o 

at the edge of the wear scar [4.19,4.20], and 

• the outer zone adjacent to the wear scar where the fluid is producing an essentially 

abrasive action which is illustrated by sliding abrasion marks which diminish in 

intensity from the wear scar towards the edge of the specimen. 

 

 

Figure 4.1 Post-test surface of the 38mm diameter UNS S31600 stainless steel specimen 
after solid/liquid impingement with evidence of sliding abrasion marks outside the wear 

scar (1) adjacent to the wear scar, (2) outermost area, (3) near the edge. 
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4.3 Role of surface topography in enhancement of the erosion-

corrosion assessment 
A basic feature of the erosion-corrosion tests is that they involve the mass loss 

measurement of the testing coupon and such information has proved extremely valuable in 

exercises that compare different materials and/or test conditions. In a typical submerged 

jet test, the total mass loss of a specimen is composed of the damage occurred in the 

directly impinged zone and the outer area. Despite the fact that the localised damage is 

more severe in the directly impinged zone, the material loss is unlikely to be negligible in 

the area outside the wear scar. Moreover, a change in target material, or impinging fluid 

characteristics, may result in different relative magnitudes of damage in those two regions.  

The submerged jet investigations would be enhanced by post-test surface 

evaluation, which would discriminate the total mass loss into these two distinct areas. This 

strategy enables a deeper interpretation of fundamental mechanisms of erosion-corrosion 

and expanded data for industrial use.  This is a tactic that, to the author’s knowledge, does 

not appear to have been employed hitherto. The key evaluation method that contributes to 

this objective makes use of advanced surface topography.  

There are several ways of undertaking topographical investigations; atomic force 

microscopy (AFM) [4.21–4.23], interferometry [4.24–4.26], stylus [4.27–4.31], and non-

contact optical profilometry [4.10,4.32–4.35]. Surface profile scanning is the most common 

post-test surface examination method as they yield a two dimension profile of the worn 

area from a simple line scan across the specimen surface. Surface profile scanning is a non-

destructive method that determines the effect of erosive media on the target surface and 

avoids cross sections of the tested coupons, especially on coated specimens. Hawthorne et 

al [4.29] have also reported that an estimation of wear scar volume is feasible by employing 

solid geometry to measure values of wear scar depth and diameter on HVOF sprayed 

coatings after slurry jet impingement. Similar attempts have been made by Matzavinos 

[4.36] on commercially-pure titanium alloy specimens under solid/liquid impingement. 

Volumetric analysis, through non-contact optical profilometry, enhances the value 

of the surface topography and it holds great advantages in many engineering applications. 

Cook et al [4.37] have recently developed a volumetric assessment of material loss from 

retrieved cemented metal hip replacement stems. Volume loss estimations have also 
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assisted impact studies, where the behaviour of wear resistant steels under deformation is 

important [4.38]. Sliding wear studies have implemented volumetric analysis of the sliding 

wear tracks to compare the performance of coatings [4.39–4.41]. One piece of work did 

measure the wear scar volumes of API X42 steel which had been subjected to dry sand 

erosion [4.42]. Within the context of corrosion inhibitor performance, Barker [4.43] 

presented some wear scar depth data and he discussed, without further investigation, the 

issue of comparing mass losses within the wear scar with the overall mass loss.  

Hence, it is evident that evaluation of erosion-corrosion experimental data, where 

direct volume loss measurement of the wear scar is included, would extend the 

interpretation of the erosion-corrosion damage. 

4.4 Literature review of comparative studies of stainless steels 

with carbon steels. 
Many studies have shown the superiority of the stainless steels compared with carbon 

steels in erosion-corrosion environments due to the greater corrosion resistance. A clear 

distinction in erosion-corrosion performance of two stainless steels (UNS S41000 

martensitic and UNS S32760 superduplex) and the carbon steel (UNS K03014) was evident 

in the work of Neville and Wang [4.44]. The carbon steel depicted almost four times higher 

mass loss than the two stainless steels under solid/liquid impingement at normal incidence 

with 500ppm sand concentration. Also, the corrosion related component of the carbon 

steel displayed 40% contribution on the overall mass loss, whereas the martensitic stainless 

steel exhibited just 14% corrosion and synergy, which shows the great corrosion resistance 

of the stainless steels. 

The poor erosion-corrosion and corrosion resistance of the carbon steels was also 

apparent in the study by Karafyllias et al [4.45], which demonstrated that the UNS G10400 

medium carbon steel exhibited substantially higher mass loss in liquid impingement with 

3.5% NaCl solution compared to the negligible mass loss of the UNS S32760 superduplex 

stainless steel. With the addition of solids (250mg/L), the medium carbon steel displayed 

seven times higher mass loss than the superduplex stainless steel. 

Rajahram et al [4.4], investigated the low-angle impingement erosion-corrosion 

resistance of the UNS G10200 carbon steel and the UNS S31603 austenitic stainless steel in 
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a slurry pot. Their solid/liquid erosion-corrosion tests with distilled water and 1%wt sand 

showed that the mass losses of the carbon steel were similar to the austenitic stainless 

steel. However, the addition of 3.5% NaCl differentiated the two comparative steels by 

clarifying the superiority of the stainless steel. This study showed the similarities of the 

carbon steel with the stainless steel in mechanical resistance and the vulnerability of 

carbon steels in erosion-corrosion environments. Quite contradictory traits were shown by 

Levy and Hickey [4.46], who studied the low-angle erosion resistance of UNS G101800 

carbon steel and a UNS S31600 stainless steel in a slurry pot with kerosene and 30wt% of 

coal, in which the authors considered that corrosion effects were negligible. The erosion 

performance of the stainless steel was greater than the carbon steel. 

Figure 4.2 illustrates the average weight loss of the comparative study from Uhbi 

and Hodgkiess [4.18]. It is evident that the solid/liquid impingement resistance of the UNS 

S31603 austenitic stainless steel was greater than that of the UNS G41300 low alloy steel. 

The corrosion and synergy dominated the low alloy steel deterioration, whereas erosion 

component was the primary factor of the material loss of the stainless steel. In terms of 

erosion behaviour, though, the austenitic stainless steel exhibited quite similar behaviour 

with the low alloy steel. 

 

Figure 4.2 Material loss for a range of engineering steels after solid/liquid impingement at 
90o angle of impingement in aerated 3.5%NaCl at 32oC, 15m/s and 2 g/l solid loading. The 

Z100 stands for the UNS S32760. [4.18] 
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Similar trends were observed in the work of Giourntas et al [4.47], which assessed 

the erosion-corrosion response of the austenitic stainless steel (UNS S31600) and the 

medium carbon steel (UNS G10400) under solid/liquid impingement. The mass loss of the 

medium carbon steel was two times higher than that of the austenitic stainless steel under 

erosion-corrosion conditions. In pure mechanical conditions, however, the carbon steel 

exhibited only 1.3 times higher mass loss than the stainless steel. This attribute was 

associated with the high proportion of corrosion and synergy effect on the overall material 

degradation of the carbon steel. The anodic polarisation scans also indicated the relatively 

poor corrosion resistance of the carbon steel, since the mass loss due to corrosion was 

around 16 times higher than that of the UNS S31600 stainless steel.  

Comparable performance outcomes of the stainless steels and the carbon steels 

were found in the study of Neville et al [4.48], where a C-Mn steel and UNS S31603 

austenitic stainless steel were evaluated under solid/liquid impingement conditions. The 

erosion-corrosion resistance of the austenitic stainless steel was almost two times better 

than the C-Mn steel. The contribution of corrosion to the overall mass loss of the stainless 

steel was only 2.3%, in comparison with that of carbon steel which was 7%. It should be 

noted, though, that the pure mechanical damage of the carbon steel (29mg) was quite 

close to the stainless steel (22mg). The poor corrosion resistance of the carbon steels 

manifests the key factor of their discrimination with stainless steels. 

In summary, whilst the superior erosion-corrosion performance of stainless steels 

compared to carbon steels is evident, this generality masks some comparative features 

involved in the detailed contributors to erosion-corrosion damage. These factors have been 

unravelled in the experimental work described herein. 

4.5 Experimental work objectives 
The objective of this work has been to merge the conventional erosion-corrosion 

assessment methodologies with the non-optical profilometry capabilities to segregate the 

different degradation mechanisms that occur in a material that is subjected to a submerged 

solid/liquid impingement. This expanded scope of the submerged jet impingement was 

evaluated on two steel alloys (a stainless steel and a carbon steel) that exhibit different 

erosion-corrosion behaviour under impingement. It is well known, that the austenitic 
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stainless steel (UNS S31600) falls under the corrosion resistant alloys (CRAs) group in which 

the alloys exhibit superior resistance to flowing/impinging conditions in solid free saline 

solutions. In solid/liquid impingement conditions, however, the durability of the austenitic 

stainless steel is significantly impaired [4.16,4.49]. On the other hand, the medium carbon 

steels possess extremely poor corrosion resistance in aqueous environments and this 

aspect is also manifested in erosion-corrosion conditions.  

4.6 Methodology 
The materials that were selected for this study are listed below: 

• Austenitic stainless steel (UNS S31600), which exhibits good corrosion resistance in 

various corrosive environments. 

• A medium carbon steel (UNS G10400), which has poor corrosion performance in 

most aqueous conditions. 

The nominal compositions of the two alloys are shown in Table 4.1. The measured 

hardness values of UNS S31600 and UNS G10400 are 200HV and 240HV, respectively. The 

density values of the alloys are 8.00 g/cm3 and 7.85 g/cm3 for the austenitic stainless steel 

and the medium carbon steel, respectively. 

Table 4.1 Nominal composition (wt%) of the stainless steel and the carbon steel. 

Material C Cr Ni Mo S Mn Si N P Fe 

UNS 
S31600 

≤0.0
8 

16-
18 

10-
14 

2.0-
3.0 

≤ 
0.03 ≤2.0 ≤0.75 ≤ 

0.10 0.045 Bal. 

UNS 
G10400 

0.37-
0.44    ≤ 

0.05 
0.6-
0.9   ≤0.04 Bal. 

 

The erosion-corrosion experiments were carried out using a submerged jet 

impingement rig described in Section 3.3.1. The duration of the impingement tests was 1 h. 

The nozzle diameter was 3 mm and the slurry, which consisted of 3.5% NaCl and sand 

particles, impinged at 19 m/s velocity perpendicular to the specimen surface. Hydraulic 

fracturing sand was used in this study, which exhibits hardness of 1160HV and has spherical 

shape, as shown in Section 3.2.8. The sand concentration was 150 mg/L. The testing 
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temperature range was 30oC - 36oC. After the free erosion-corrosion experiments, the 

medium carbon steel specimens were immersed briefly in an inhibited acid solution (Clark’s 

solution) before weighing to remove the extensive corrosion on their surface.  

4.7 Results 

4.7.1 Mass loss measurements 
Figure 4.3 demonstrates the average mass loss measurements with error bars showing the 

scatter from the three replicates under free erosion-corrosion and cathodic protection (CP) 

conditions. The erosion-corrosion performance of the UNS S31600 was superior compared 

with the carbon steel UNS G10400. The discrimination of these two steels was evident in 

both conditions as the UNS S31600 maintained its superior resistance even when the 

cathodic protection was applied. It is also apparent that the UNS G10400 suffers severely by 

the corrosion factor, as its mass loss is almost half when electrochemical reactions were 

negligible (i.e. CP). 

 

Figure 4.3 Mass losses of the steels in solid/liquid impingement with and without cathodic 
protection. 
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4.7.2 Potentiodynamic scans 
Figures 4.4 and 4.5 illustrate the results of the anodic polarisation scans that were 

conducted on the segmented specimens of the stainless steel and carbon steel, 

respectively. These scans were conducted using the anodic polarisation scanning 

methodology described in Section 3.3.3. It should be noted that the potentiodynamic scans 

were commenced after the stabilisation of the free corrosion potential (Ecorr), which 

occurred after the first 30 minutes, as described in Section 3.3.4. The normalised electrode 

potential represents the electrode potential at least 25mV more negative to Ecorr and it has 

been employed for better comparison, since the Ecorr values were different between the 

two regions. The current density of stainless steel in the direct impinged zone (DIZ) is 

greater than in the outer area (OA) because of the aggressive erosion-corrosion conditions 

that pertain within the wear scar. Due to the high concentration of solids in the direct 

impinged zone, the stainless steel exhibited higher rates of periodic passivation/de-

passivation events (i.e fluctuations of the current density) compared to the outer area. On 

the other hand, the carbon steel was active in both regions. 

 

Figure 4.4 Anodic polarisation scans of the segmented specimen of stainless steel UNS 
S31600 under solid/liquid impingement 
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Figure 4.5 Anodic polarisation scans of the segmented specimen of medium carbon steel 
UNS G10400 under solid/liquid impingement 

Figure 4.6 shows the anodic polarisation scans on the full specimen (38mm 

diameter) of a stainless steel and a medium carbon steel. The electrode potentials are again 

normalised to facilitate more effective comparison. The current density fluctuations of the 

stainless steel indicate that the passivity was periodically disrupted by the mechanical 

impact of the solids in the slurry. On the other hand, the medium carbon steel experienced 

active corrosion behaviour during impingement.  

 

Figure 4.6 Full specimen anodic polarisation scans of the tested materials under solid/liquid 
impingement. 
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Table 4.2 displays the Ecorr values of the segmented and full specimens along with the 

corrosion current densities (icorr), obtained by Tafel extrapolation involving plotting a 

straight line from the average of the oscillating currents back to Ecorr. Hence, the corrosion 

current densities were converted to mass losses by applying Faraday’s law (see Section 

2.3.7.2). Apparently, there is little or no difference between the sum of the mass losses due 

to corrosion measured by the segmented specimens and the full specimen. This provides a 

high level of confidence for a successful segmentation of the specimen. 

Table 4.2 Comparison of free erosion-corrosion potentials (Ecorr) the current densities and 
mass losses due to corrosion on the segmented and the full specimens. 

Properties 

Ecorr (mV) 
(Ag/AgCl) 

Corrosion Current 
Density icorr (mA/cm2) Mass loss (mg) 

UNS 
S31600 

UNS 
G10400 

UNS 
S31600 

UNS 
G10400 

UNS 
S31600 

UNS 
G10400 

DIZ (Area = 0.2 cm2) -547 -574 0.200 0.50 0.04 0.1 

OA (Area = 11.0 cm2) -337 -524 0.003 0.35 0.03 4.0 

Full specimen -442 -557 0.070 0.35 0.08 4.1 

 

4.7.3 Surface topography 

4.7.3.1 Surface Profile scans 

To evaluate the behaviour of these two alloys in the zone directly under the impinging jet 

(wear scar), surface profile scans were performed via surface topography (see Section 

3.4.2), on post-test specimens. Figures 4.7 and 4.8 show examples of U-shaped wear scar 

profiles of the stainless steel and the carbon steel, respectively, after tests in free erosion-

corrosion condition and also after implementation of cathodic protection. It should be 

mentioned that the wear scar diameter (3.5mm) corresponds approximately to the 

diameter of the nozzle (3mm) used in this study. 
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Figure 4.7 Surface profile scans of the wear scar of the stainless steel UNS S31600 after free 
erosion-corrosion (blue) and cathodic protection (red) under solid/liquid impingement. 

 

Figure 4.8 Surface profile scans of the wear scar of the medium carbon steel UNS G10400 
after free erosion-corrosion (blue) and cathodic protection (red) under solid/liquid 

impingement. 

Figure 4.9 shows the wear scar depths of replicate specimens of the two steels with 

and without cathodic protection. There is a clear correlation between the mass losses and 

the wear scar depths, as the UNS G10400 exhibited deeper wear scars than the UNS 

S31600.  It is also evident, that the application of CP has not generally resulted in a 

significant reduction in wear scar depth on either material. 
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Figure 4.9 Wear scar depths of the two steels under solid/liquid impingement with free 
erosion-corrosion and cathodic protection conditions. 

4.7.3.2 Volumetric analysis of the wear scars 

Figure 4.10 shows the volume measurement of the directly impinged zone of a UNS S31600 

specimen after test. The volumetric analysis was executed on the region inside the red ring, 

which represents the area under the jet, by following the surface topography method in 

Section 3.3.3.  

 

Figure 4.10 Volumetric analysis on the direct impinged zone of the UNS S31600 surface 
after solid/liquid impingement. 
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Figure 4.11 illustrates the volume losses within the wear scar during solid/liquid 

impingement with and without cathodic protection. The volume loss of the UNS G10400 

steel was 20% higher than UNS S31600 in both conditions, which shows the benefit of the 

stainless steel over the medium carbon steel within the direct impinged zone. It is also 

evident that the volume losses of both steels remained unaffected when cathodic 

protection was applied to the specimens. This trend demonstrates that the volume loss on 

the direct impingement is predominantly associated with erosion damage. 

 

Figure 4.11 Comparison of the average wear scar volume losses of the UNS S31600 and 
UNS G10400 under solid/liquid impingement with free erosion-corrosion and cathodic 

protection conditions. 

4.8 Discussion 

4.8.1 Total Mass loss (TML) in free erosion-corrosion (FEC) 

conditions 
The total mass losses were measured directly from the experiments, see Figure 4.3. The 

overall mass loss of the UNS S31600 was substantially lower than the UNS G10400 in free 

erosion corrosion conditions, which demonstrates the superiority of the stainless steels 

compared to carbon steels. Similar features of the poor erosion-corrosion performance of 

the carbon steel in comparison with stainless steels have been observed by other 

researchers in the past [4.4,4.18,4.44,4.45,4.47]. 
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Discrimination of the total mass loss in DIZ and OA 

The total mass loss is identified as the mass loss in the wear scar and the material loss 

beyond the direct impinged zone, as summarised in Equation 4.1. 

 

( ) [ ] [ ]TML FEC ML DIZ ML OA= +                               Equation 4.1 

 

where, TML (FEC) is the total mass loss under free erosion-corrosion conditions and 

ML[DIZ] is the mass loss in the direct impinged zone (DIZ) which is calculated from the 

measured volume losses, through surface topography, and the material densities as 

follows; 

 

UNS S31600: [ ] 3 30.39 8.00 / cm 3.1ML DIZ mm g mg= × =  

UNS G10400: [ ] 3 30.48 7.85 / cm 3.9ML DIZ mm g mg= × =  

 

ML [OA] represents the mass loss on the outer area (OA), which is quantified as follows;  

 

[ ] ( ) [ ]ML OA TML FEC ML DIZ= −  

 

UNS S31600: [ ] 5.9 3.1 2.8ML OA mg mg mg= − =  

UNS G10400: [ ] 11.7 3.9 7.8ML OA mg mg mg= − =  

 

Figure 4.12, demonstrates clearly that, for the UNS S31600 steel, the most 

substantive manifestation of damage caused by the submerged jet is the wear scar in the 

directly impinged zone. For the carbon steel, however, sliding abrasion/corrosion damage 

in the outer area is much more significant and this feature precludes simple correlation of 

material loss with target hardness. 
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Figure 4.12 Breakdown of the total mass loss into the mass losses of the two regions under 

free erosion-corrosion 
 

Consequently, separation of the mass losses in the two zones enhances the 

understanding of the fundamental mechanisms of deterioration of components subjected 

to a submerged jet. It also facilitates comparisons of materials’ behaviour under two 

distinct erosion-corrosion situations (i.e. directly under the jet and on the outer area). The 

contributors to erosion-corrosion damage were shown in Equation 2.2 (see Section 2.1). 

This approach enables the computation of the magnitudes of damage due to the various 

components of erosion-corrosion within the two zones. The quantitative material losses, 

shown in Figure 4.13, are based on Equation 4.2 below, and they demonstrate the 

substantial benefits of the expanded assessment of erosion-corrosion testing.  

 

( ) [ ] [ ] [ ] [ ] [ ] [ ]TML FEC E DIZ C DIZ S DIZ SA OA C OA S OA= + + + + +    Equation 4.2 

 

Where, E [DIZ] is the erosion damage inside the wear scar, C [DIZ] is the corrosion damage 

in the wear scar, S [DIZ] is the synergy effect in the wear scar, SA [OA] is the sliding abrasion 

(mechanical damage), C [OA] and S [OA] represent the corrosion and synergy in the outer 

area.  
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Figure 4.13 Distinction of the different material degradation processes on the UNS S31600 
and UNS G10400 steels. 

This assessment provides quantitative data applicable to the two extreme angles of 

impingement associated with the direct impinged zone and the outer area (near to 0o). It 

also demonstrates the differentiation between the mechanical deterioration mechanisms 

of erosion and sliding abrasion, showing that the latter process contributes significantly to 

the overall mechanical damage. In general, this procedure enables a wider appreciation to 

be obtained of the comparative performances, of different materials under solid/liquid 

impingement, than is acquired by a simple comparison of a single measured parameter (i.e. 

mass loss). 

4.8.2 Total mass loss with cathodic protection (CP) 
The total mass losses, with cathodic protection of the steels, were measured directly from 

the experiments (see Figure 4.3). Since the application of cathodic protection supresses any 

corrosion reaction, the total mass loss, TML (CP) represents the erosion damage inside the 

wear scar and the sliding abrasion which takes place outside the wear scar (Equation 4.3). 

 

( ) [ ] [ ]TML CP E DIZ SA OA= +                                        Equation 4.3 

 

The stainless steel exhibited higher resistance to mechanical damage than the 

carbon steel. In more detail, the application of CP reduced the overall mass loss of both 
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materials. It is clear that the mass loss on the UNS G10400 was decreased by 44.5%, 

whereas the UNS S31600 mass loss dropped by 18% with CP. Similar reductions of the mass 

losses of the carbon steels by the application of cathodic protection were also found in 

previous studies [4.18,4.44,4.47]. This signifies that the corrosion related component (C+S) 

is playing a more substantial role on the material degradation of the medium carbon steel 

and it influences insignificantly the stainless steels.  

4.8.3 Erosion damage on the direct impinged zone (DIZ) 
The mechanical damage occurred in the direct impinged zone (DIZ), was measured through 

the volume loss measurements on the cathodically protected tested coupons. Table 4.3 

illustrates the mass loss due to the mechanical damage on the wear scar. 

 
Table 4.3 Mass loss calculated from the volumetric analysis of the wear scar for cathodically 

protected specimens. 
 

Materials Measured volume 
loss (mm3) Density (g/cm3) 

 
Mass loss (mg) 

UNS S31600 (CP) [DIZ] 0.39 8.00 3.1 

UNS G10400 (CP) [DIZ] 0.49 7.85 3.9 

 

The UNS G10400 steel exhibited significantly higher erosion deterioration than UNS 

S31600. Alike trends, where the impingement erosion damage of the carbon steel was 

higher than the austenitic stainless steel have been observed in past studies of the author 

[4.47] and Uhbi and Hodgkiess [4.18] only in terms of wear scar depths, which still 

represents effectively the mass loss in the direct impinged zone. 

 

By taking into account the comparable hardness of the two steel alloys (Table 4.1), 

the above results comprise evidence of the relative insensitivity of impingement erosion to 

target hardness. Although it is generally accepted that material hardness is an important 

parameter in terms of damage by abrasive wear, for other types of wear (e.g. impingement 

erosion), however, such a relationship, with hardness alone, is less appropriate. The elastic 

modulus is considered to be another important property with a high value of the ratio of 

hardness to elastic modulus being desirable [4.50]. In any case, for a high velocity impinging 

jet, attempted correlations with conventional mechanical properties may be less relevant 
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than the incorporation of mechanical properties determined under high-strain-conditions 

[4.51]. 

4.8.4 Corrosion and synergy on the direct impinged zone (DIZ) 
According to Figure 4.11, for both materials, the wear scar volume losses, with and without 

the application of CP, were similar in the testing conditions employed herein. The material 

loss in the direct impinged region is purely by mechanical action and in the material/testing 

conditions in this study, the corrosion related component was found to be negligible. This 

feature has also been verified by the estimation of the mass loss due to corrosion from 

anodic polarisation scans on the segmented coupons as shown in Table 4.2. This erosion 

domination is likely to have been associated with the erodent properties 

(size/shape/concentration) and the jet velocities. 

4.8.5 Sliding abrasion on the outer area (OA) 
The mechanical sliding abrasion damage of both steels was determined by re-arranging 

Equation 4.3. 

 

[ ] ( ) [ ]SA OA TML CP E DIZ= −  

 

Using the data in Figure 4.3 and Table 4.3; 

Stainless steel:  [ ] 4.8 3.1 1.7SA OA mg mg mg= − =  

Medium Carbon steel: [ ] 6.5 3.9 2.6SA OA mg mg mg= − =  

 

Given that the sliding abrasion damage is often said to be related to the target 

material hardness [4.50], this difference in performance of the two steels is unexpected. 

However, the sliding abrasion results agree with previous studies which reported that the 

mechanical resistance of the carbon steel in low angle impacts (i.e. effectively sliding 

abrasion) can be either similar to or lower than the stainless steel depending on the erosive 

conditions [4.4,4.46]. 

4.8.6 Corrosion on the outer area (OA) 
The anodic polarisation scans on the segmented specimen (Figures 4.5 and 4.6), provided 

an indication of the corrosion damage occurring on the outer areas for both steels. From 
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the Tafel extrapolations, the mass loss due to corrosion was estimated to be 0.03mg and 

4.0mg for stainless steel and medium carbon steel, respectively. The stainless steel suffered 

less corrosion, apparently, because of the lower tendency for the passive film to break 

down as opposed to the situation in the direct impinged zone. On the other hand, the 

carbon steel was not protected by any passive film and for this reason it exhibited higher 

mass loss. Similar poor corrosion behaviour of the carbon steel has been reported from 

past researchers [4.18,4.46,4.48].  

4.8.7 Synergy on the outer area (OA) 
The interaction of erosion with corrosion, known as synergy, on the outermost area was 

calculated by the subtraction of the sliding abrasion damage and the corrosion damage 

from the calculated overall mass loss on the outer area, as shown below: 

 

[ ] [ ] [ ] [ ]S OA ML OA SA OA C OA= − −  

 

Stainless steel:   [ ] 2.7 1.6 0.03 1.1S OA mg mg mg mg= − − =  

Medium Carbon steel:   [ ] 7.8 2.6 4.0 1.2S OA mg mg mg mg= − − =  

 

The synergy of the medium carbon steel is comparable with that of the stainless 

steel. In terms of the synergy on the stainless steels, Matsumura et al [4.52] suggested that 

the elimination of the work hardened layer by corrosion attack is likely to increase the 

mechanical abrasion damage of the steel. On the other hand, synergy on carbon steels can 

be associated with their low pitting corrosion resistance, as the corrosion pits are likely to 

cause local turbulence and therefore enhance the erosion damage. 

4.9 Conclusions 
An extended evaluation procedure has been presented that: 

• Contributes to the understanding of the fundamental mechanisms of erosion-

corrosion on a component subjected to a locally-impinging, solid/liquid stream.  

• Enhances the assessment of the performance of different materials or surface 

engineering treatments in various erosion-corrosion environments. 
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The study has, perhaps not unexpectedly, demonstrated the superiority of the UNS S31600 

stainless steel over the medium carbon steel (UNS G10400) under erosion-corrosion 

conditions in agreement with others. It has also facilitated comparisons related to some of 

the detailed degradation processes as summarised below:  

1. UNS S31600 has been shown to exhibit greater erosion-corrosion performance at 

both angles of impingement (90o and also at the glancing angle close to 0o). 

2. The superior performance of stainless steel (UNS S31600) in comparison with 

carbon steel (UNS G10400) has been shown to involve benefits in respect of pure 

mechanical damage (in the wear scar and outer area) and also in terms of corrosion 

related phenomena. 

3. The application of cathodic protection decreased the mass loss of the steels 

substantially (i.e. 18.6% on the stainless steel and 44.5% on the carbon steel). This 

significant reduction occurred in the outer area, since the wear scar was erosion 

dominated.  

4. The experimental results have illustrated that there are some limitations in simple 

correlation of erosion-corrosion damage with target hardness. 
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5.1 Introduction 

Weir Minerals have dedicated considerable research and development effort in developing 

the metallurgy of the white cast irons to fit a range of industrial wear conditions. The Group 

is aware that the operational behaviour of the different cast irons is crucially dependant on 

the degree of damage associated with mechanical, corrosion and interaction mechanisms. 

As part of the alloy development, they have devoted much attention to means of increasing 

the wear resistance by variations of the casting technology and the incorporation of the 

harder carbides into the white chromium cast iron structure. Another aspect of their research 

philosophy is to modify the metallic matrix of the white cast iron in order to mimic the 

corrosion properties of stainless steels. In pursuance of these objectives, it was decided to 

focus on two of the currently used white cast irons; one of which exhibits relatively good 

wear resistance but lacks of corrosion resistance (martensitic metallic phase) and the other 

demonstrating good corrosion performance via its austenitic metallic phase but relatively 

lower wear resistance in neutral pH environments. To facilitate an enhanced correlation 

between microstructure and erosion-corrosion mechanisms, it was deemed useful to include 

a martensitic and an austenitic stainless steel in the testing program. 

5.2 Literature review on white cast irons 

The high chromium cast irons comprise three key elements; iron, chromium and carbon. The 

carbon is present primarily in the form of carbides, as the chromium has high affinity for 

carbon then high-hardness, chromium carbides are precipitated. The presence of chromium 

is also important in enhancement of the corrosion resistance of the metallic phase. There are 

three fundamentally different microstructures that can be obtained in high-chromium cast 

irons by varying the carbon content. These three possible types are designated, according to 

the level of carbon from low to high, as follows; hypoeutectic, eutectic, and hypereutectic 

alloys. Another major difference between these types of alloys is their solidification path. The 

eutectic alloys solidify at a single temperature and this occurs at a unique carbon level known 

as the eutectic composition. On the other hand, in the case of the hypoeutectic cast irons, 

the ferrous phase is nucleated primarily followed by the formation of eutectic structure with 

carbides and the ferrous matrix. On the other hand, the solidification of the hypereutectic 

starts with the nucleation and growth of the primary carbides, often M7C3 type, followed by 

the precipitation of the eutectic mixture of carbides and the ferrous phase. The development 
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of the wear-resistant, high-chromium cast irons is focused on the carbide refinement, ferrous 

matrix modification and different manufacturing processes. 

5.2.1 Effect of carbide volume fraction (CVF) 

By increasing the carbon content, the volume fraction of carbides is considerably raised, 

reducing, though, the cast iron’s toughness. The greater volume fraction of carbides provides 

an improvement in the abrasive wear resistance of the cast irons, as it raises their bulk 

hardness and it leads to lower inter-carbide spacing that is also an important factor of the 

cast iron durability under abrasive wear [5.1–5.3].  

Fulcher et al [5.1] reported that the 30% CVF showed greater abrasion resistance 

against the 45% CVF when silica particles were used in the rubber wheel abrasion tester. 

However, the white cast iron with 45%CVF showed superior abrasion resistance compared 

to the 30% CVF cast iron in the same abrasion tester with alumina. Similar trends were found 

in the work by Gahr and Eldis [5.4], who discovered that an increase of the carbide volume 

fraction beyond 30% can result in higher abrasive wear loss in a rubber wheel tester. 

However, in their pin-on-disk abrasion tests, the abrasion resistance of the cast irons was 

linearly increased by the increase of the volume fraction of carbides. This is attributed to the 

different wear mechanisms that take place in these two completely different testing 

techniques.  

In terms of erosion and erosion-corrosion behaviour of white cast irons, a review of 

the literature [5.5,5.6] does not reveal any consistent relationships between CVF and erosion-

corrosion rate. It appears that such relationships are influenced by a number of 

environmental factors such as type of fluid (i.e. air or liquid), flow velocity and sand 

characteristics. Walker and Robbie [5.7] also showed that there is no simple correlation of 

the carbide volume fraction with the wear resistance, by assessing two white cast irons in 

four different testing techniques. For instance, the dry sand rubber wheel tester and the 

slurry jet erosion tester at 20o angle of impingement showed that the near eutectic 27%Cr 

white cast iron exhibited greater wear resistance than the 37%Cr hypereutectic white iron. 

On the other hand, the Corriolis tester and the fresh water slurry jet tester at 30o 

demonstrated the superiority of the 37%Cr hypereutectic over the 27%Cr white iron. The 

reason of this lack of agreement between the testing results is associated with differences in 

the testing conditions of each testing apparatus (i.e. stand-off distance, wear mechanisms). 
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An additional feature of Walker and Robbie [5.7] work was the change in the relative 

wear rates of two cast irons by utilising different types of erodent particles under jet test 

conditions. The 37%Cr hypereutectic showed 1.2 times higher mass loss than the 27%Cr 

hypoeutectic under jet test with silica carbide, whereas the performance of the 37%Cr 

hypereutectic exhibited 0.76 times lower mass loss with silica sand in the jet test. Gates et al 

[5.8], reviewed the wear rates of three white cast irons in seven different testing devices and 

their conclusions were that there are formidable challenges in developing white cast irons 

for service in erosion-corrosion situations. 

5.2.2 Advancements through addition of elements with high affinity 

for carbon and different manufacturing processes 

The incorporation of elements with relatively high affinity for carbon yields advantages in the 

wear resistance of the white cast irons. In fact, chromium is one of the nine elements in the 

periodic table of elements which possess strong thermodynamic tendency to form carbides. 

Table 5.1 shows the nine elements which exhibit this high affinity for carbon. 

Table 5.1 Elements with high affinity with carbon extracted from the Periodic Table 

Ti V Cr 

Zr Nb Mo 

Hf Ta W 

 

Elements like zirconium, hafnium and tantalum are rare metals and are present in 

small quantities as minerals in the Earth, which makes them extremely difficult and expensive 

to be included to casting melts in foundries [5.9]. The other elements, though, are readily 

available in nature and they are added to achieve either refined microstructure with finer 

carbides or even harder carbides which would enhance the bulk hardness of the white cast 

iron. 

Addition of chromium up to 32% and molybdenum up to 9% in hypoeutectic, eutectic and 

hypereutectic cast irons showed benefits on their sliding wear resistance in the pin-on-disc 

tribometer [5.10]. The molybdenum addition enhanced the hardness of the cast irons and 

reduced the volume fraction of the ferrous phase due to the formation of the Mo-rich 
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carbides. Arikan et al [5.11] investigated the benefits of 0.38% titanium addition to a 

15Cr/3Mo white cast iron as an increase of the dry abrasion resistance was detected, 

especially on the as-quenched coupons where the matrix was martensitic. A more in-depth 

study of the effect of titanium was attempted by Chung et al, who investigated a 

hypereutectic Fe-25%Cr-4%C alloy with 2%Ti addition [5.12]. The hypereutectic white cast 

iron was transformed to a hypoeutectic cast iron due to the addition of titanium that caused 

depletion of the carbon to form titanium carbides. The microstructural refinement by 

titanium addition resulted in reduction of the volume fraction of the coarse carbides with 

increasing the bulk hardness of the eutectic structure and enhancing sliding abrasion 

resistance of the white cast irons. 

The scope of the previous work [5.12] was subsequently expanded by considering 

the influence of other carbide-forming elements (V, Nb, Mo, B) on the solidification process, 

bulk hardness and wear behaviour of the hypereutectic Fe-25%Cr-4%C alloy [5.13]. The 

optimum element addition percentages, in terms of dry sliding resistance in a pin-on disk 

tester, were 4.5% for vanadium, 7.5% for niobium, 10-13% for boron and 13-16% for 

molybdenum in a cast iron of 3.72% carbon content. The improved wear resistance was 

closely related to the refinement of the microstructure by transforming the hypereutectic to 

a eutectic and hypoeutectic cast iron as the carbon is depleted to form carbides other than 

chromium rich carbides. The Nb4C3 exhibited the highest hardness (~2,220HV) of the carbides 

formed in this study by exhibiting almost double hardness value from the Cr7C3 (~1200HV). 

The research outcomes of the work conducted by Chen et al [5.14], also verify the 

benefits of niobium addition on dry sliding wear resistance of a 15%Cr white cast iron . The 

niobium forms carbides of about 2,400HV hardness and since it shifts the eutectic point to 

the right, by gradually changing the eutectic structure into a hypoeutectic with primary 

austenite. Another interesting characteristic within this work [5.14] is the morphology of the 

hook-like NbC which strengthens the bonds between the matrix and the carbides. Their 

results field tests were in agreement with their sliding abrasion tests as the Nb addition 

increased the service life of the pump components up to 67%. 

Wang et al [5.15] investigated the dry sliding wear performance of cast alloys that 

contain high affinity elements such titanium, vanadium, tungsten and molybdenum with 

concentration range from 5% to 35%, and they showed remarkably greater dry sliding 

behaviour compared to the base cast iron (Fe-20%Cr-5%C). The advantage of this concept is 
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that it enables modification of the white cast iron by forming different types of hard carbides 

such as M7C3, MC and M6C. Each carbide type was enriched with different elements (MC with 

Ti and V, M7C3 with Fe and Cr, and M6C with W and Mo). The high entropy alloys performed 

better than the base alloy on the dry pin on disk tester because of three fundamental 

reasons;  

i) the newly formed carbides are harder than the Cr carbides,  

ii) the MC and M6C type carbides were smaller in size and hence less prone to 

cracking than the rod type M7C3 and  

iii) the refined carbides showed higher density of interphase boundaries that can 

block dislocation movement and prevent cracking more effectively. 

The same research group followed up their idea and they assessed a Fe-27Cr-2.5C-

0.8Si white cast iron with small additions of B, B-V, B-Nb, B-W and also an ingot of Fe-27Cr-

2.5C-0.8Si-1B-2V-067Nb-3.3W [5.16]. On a pin-on-disc tribometer, the sliding wear volume 

losses of the modified cast irons were lower than the base alloy due to their higher hardness. 

However, on the air blast erosion apparatus, the erosion rates at the normal incidence 

showed that the hybrid cast irons performed poorer than the base cast iron and at the 45o of 

attack the behaviour of all the cast irons were comparable. This feature was attributed to the 

number of carbides that were fracturing at the 90o impingement. 

5.2.3 Potential improvements via modified manufacturing processes 

Further advancement of the white cast irons’ erosion resistance has been observed on the 

basis of different manufacturing processes. Llewellyn et al [5.17] reported that chill casting 

of hypereutectic chrome white irons increased the relative erosion resistance by a factor of 

4.5 times compared to the sand cast material. The reasoning for this behaviour is the fact 

that the fast cooling and solidification during chill casting had resulted to the formation of 

more rounded primary carbides, compared with the coarse and elongated carbides, leaving 

the bulk hardness unaffected. Similar advantages of rapid cooling were found by Nelson et 

al [5.18], who compared an as-cast hypereutectic iron with a weld overlay iron with similar 

composition on a steel substrate. The slurry pot results showed the superiority of the weld 

overlay hypereutectic iron is associated with the higher bulk hardness and the finer carbides 

which minimised the inter-carbide spacing of the M7C3 that did not allow the abrasive 

particles to impinge onto the matrix.  



Chapter 5: Erosion-corrosion study on white cast irons and stainless steels 

 

92 
 

Matsuo et al [5.19] found that the sliding abrasion resistance and the hardness of 

white cast irons deposited by a spraying process was greater than that of the as-cast alloys 

with the same chemical composition. The sprayed white irons showed refined carbides which 

were distributed homogeneously in the matrix. The material loss of the sprayed form white 

irons pins was lower than the as-cast pins on an 11%Cr martensitic stainless steel (VC 131) 

discs. Heat treatment of the as-sprayed pins can provide an additional improvement to the 

high velocity oxy fuel sprayed multi-component white cast irons coatings as reported by 

Maranho et al [5.20]. The heat treatment acts as sintering, where pores can be partially 

eliminated and transformation of austenite into martensite can be achieved. 

5.2.4 Role of electrochemical deterioration mechanisms on the 

erosion-corrosion resistance of white cast irons 

The electrochemical degradation cannot be omitted from the overall degradation equation 

(Equation 2.2), since the mining environments do contain slurries of different levels of 

corrosivity. Watson et al [5.21], have studied the individual phases of the white cast iron in 

order to broaden the understanding of the deterioration processes occurring on each of the 

cast iron elements. They isolated the carbides and the matrix by hot pressing and hot isostatic 

pressing techniques. Through a modified rotating cylinder apparatus, in which 

electrochemical monitoring system was embedded, the sliding wear, the pure corrosion and 

the synergy of these two mechanisms were determined for each carbide and matrix 

component. Their novel research outcomes showed that the Fe-14Cr-2.6C white iron is 

exhibiting a higher synergy effect than the isolated metallic phase as a result of the 

vulnerability of the M7C3 carbides to synergy effects. Although, the detailed mechanisms of 

synergy on isolated carbides were not discussed. Another important feature was the fact that 

the high synergy effect was associated with extremely low rates of pure corrosion damage of 

the white cast iron. 

Zhang et al, have also studied the corrosion aspects of the interaction between the 

metallic and ceramic phases of white chromium cast irons of different chromium contents in 

flowing acidic conditions with silica sand in a rotating cylinder-type erosion-corrosion tester 

[5.22]. The segregation of the carbides from the matrix was completed by an etching 

procedure, whereas the matrix was prepared by inductive melting according to the 

composition specifications of the cast irons. The open circuit potentials (OCP) of the white 

cast irons were always between the OCP values of the carbides and the matrix. The carbides 
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exhibited more positive OCPs than the cast iron and the matrix, which indicates their high 

level of resistance to corrosion. This potential difference between the matrix and the 

carbides initiates a galvanic or inter-phase corrosion which leads to carbide protrusion and 

pre-fracture as the matrix plays the role of the anode and corrodes selectively.  

 On the other hand, Salasi et al [5.23] showed that when a white cast iron is exposed 

to high alkalinity environments (over pH=12), the carbides of a white cast iron can be 

removed faster than the ferrous phase, as it corrodes in a higher rate. This is another example 

of the effect of composition of the aqueous fluid (i.e. acidic or alkaline) in the different phases 

of the cast irons, which highlights the complexity of the erosion-corrosion phenomena. 

From the above reports, it is evident that the chromium content in the matrix is the 

controlling factor of the corrosion resistance of the cast irons. Neville et al [5.24], 

demonstrated the importance of the chromium in the matrix by assessing the corrosion 

behaviour of three white cast irons under static conditions. The ratio of the chromium 

concentration in the carbides and matrix (Crcarbides/ Crmatrix) is responsible for the corrosion 

resistance of the high chromium white cast irons. The lower the Crcarbides/ Crmatrix ratio, the 

better corrosion resistance would be obtained.  

The same research group [5.25] also investigated the effect of solids in the corrosion 

performance of the same white cast irons, where the obtained corrosion rates were higher 

than the ones under liquid impingement, but the relative corrosion behaviour of the three 

white irons was maintained as the Crcarbides/ Crmatrix ratio  governed the corrosion resistance 

of each cast iron even under solid/liquid conditions.  

Tian and Taylor [5.26], reported higher corrosion rates on a 30%Cr ferritic white cast 

iron at from pH 2.5 to pH 1.5. Other useful work from Tian et al [5.27], comprised an erosion-

corrosion assessment of a near eutectic (25%Cr) and two hypoeutectic cast irons (30%Cr and 

40%Cr) content in Corriolis apparatus. They determined that the 40%Cr hypoeutectic cast 

iron exhibited superior erosion-corrosion resistance compared to the other two alloys in all 

environments (with pH levels at 7, 4 and 1.5) under 10μm size solid impingement. However, 

when the particle size was increased to 148μm, the 40%Cr hypoeutectic cast iron exhibited 

poorer erosion-corrosion resistance than the other two cast alloys. This attribute should be 

associated with the difference in the erosivity level of the flowing slurry, as the larger the 

sand particles, the more predominant the erosion mechanism.  
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Tang et al [5.28], also reviewed the effect of pH on a white cast iron with 45%Cr 

content and variable carbon content from 1% to 6% on a slurry pot erosion tester. The 

chromium in the matrix was decreased as the carbon content was increased, due to the 

depletion of chromium in forming chromium carbides. For this reason, the polarisation 

resistances of the 1%C alloys (hypoeutectic) were significantly higher than those alloys with 

6%C content alloys (hypereutectic) in all pH environments in static conditions. However, the 

Fe-45Cr-4C alloy exhibited the greatest erosion-corrosion resistance out of these six white 

cast irons as it exhibited the second higher total carbide volume fraction with the highest 

eutectic carbide fraction (18%) and 17% Cr content in the matrix.  

These results agree with the research outcomes of Lu et al [5.3], who screened 

twelve white cast irons on a dry sand rubber wheel tester along with static corrosion tests 

and they concluded that the optimum wear resistance of a white cast iron is achieved when 

the chromium content of the matrix and the volume fraction of the carbides are higher than 

12% and 28%, respectively. A detailed wear/corrosion performance map, shown in Figure 

5.1, was created for prediction of the corrosion-abrasion resistance of the white cast irons. 

 

Figure 5.1 Wear/corrosion maps for the white cast irons (A- Poor wear & corrosion 

resistance, B – Poor wear resistance but good corrosion resistance, C – Good wear 

resistance but poor corrosion resistance, D – Good wear & corrosion resistance). [5.3] 
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5.2.5 Comparative studies of white cast irons with other materials 

Over the past years, many researchers have assessed different types of white cast 

irons with other materials to form wear prediction tools by understanding the deterioration 

mechanisms. Stevenson and Hutchings [5.29], investigated the effect of impact angles on 

three hypereutectic weld deposited hard facing white irons, one Fe-27Cr-3C white cast iron 

ingot and a mild steel in an air blast erosion tester. At low angles (less than 60o) the erosion 

rate of the white cast irons was considerably lower than the mild steel, highlighting the factor 

of hardness on the low angle abrasion. At the normal incidence, however, the mild steel 

behaved better than the white cast irons, revealing the brittle response of the white cast 

irons. This brittle response of the white cast irons was also observed in the slurry erosion 

(fresh water with silica sand) work of Al-Bukhaiti et al [5.30], where the erosion rate of the 

white cast iron was gradually raised as the impingement angle was increased from 15o to 90o. 

The maximum erosion rate of the UNS G10170 carbon steel was observed at 45o of 

impingement. It should be mentioned, that the erosion rates of the white cast irons were 

significantly lower than the steel even at 90o impingement. 

Gore and Gates [5.31] reported also the superiority of the white cast irons over mild 

steel and an austenitic stainless steel. The volume loss of the carbon steel and stainless steel 

was around 12 and 5 times higher than the white irons, respectively, on a dry sand rubber 

wheel tester. According to their results the wear resistance on the conventional dry sand 

rotational wheel tester increases with the bulk hardness of the material. Parent and Li [5.32], 

also obtained the benefits of the white cast iron against a high strength martensitic stainless 

steel under 15o slurry impingement (fresh water with 10wt% silica sand), as the volume loss 

of the stainless steel was 20 times higher than the cast iron. 

Llewellyn et al [5.17] had a similar view point, by detecting the advantages of the 

hard white cast irons compared with corrosion resistant duplex stainless steels  and UNS 

G10200 carbon steel on a Corriolis tester with fresh water and 10wt% silica sand circulated. 

The erosion resistance of the hard white cast iron (64.4 HRC) and the lower hardeness white 

cast iron (45HRC) was about 21 times and three times higher than that of the stainless steels 

(24-26HRC), respectively. Similarities on the relative performance of the stainless steels and 

the white cast irons were found in the work of Xie et al [5.33], where the Corriolis test results 

with slurry of fresh water and 10wt% silica sand, showed that the wear rates of the 

martensitic stainless steel were 22 times higher than those of the near eutectic cast iron (Fe-
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27Cr-3C). Their additional slurry erosion, free-jet tests at 90o with fresh water and 10wt% 

silica sand showed that the martensitic stainless steel exhibited about nine times higher 

volume loss than the eutectic cast iron. The excellent erosion performance of the white cast 

iron against the stainless steel was highlighted further when the angle of impingement 

changed from 90o to 45o and 20o, where the volume loss difference between these two 

materials was accelerated to 14 and 22 times, respectively.  

Jones and Llewellyn [5.34] have assessed the static corrosion rates of an austenitic 

stainless steel with a near eutectic and hypereutectic cast iron, resulting in exceptional 

behaviour of the stainless steel compared with both cast irons. In more detail, the 

polarisation resistance of the near eutectic and hypereutectic cast irons exhibited 29 times 

and 40 times lower polarisation resistances than the stainless steel under static liquid with 

3.5%NaCl and pH 6.5. However, the slurry jet impingement tests at 45o angle with sand size 

of 50-70 mesh showed the superiority of the white cast irons against the stainless steel 

exhibiting five times (near eutectic) and 11 times (hypereutectic) lower volume loss. 

The same research group employed their newly developed slurry pot, which enables 

the embedment of electrochemical equipment, to investigate the erosion-corrosion 

phenomena of one austenitic stainless steel and three different types of white cast irons 

(hypereutectic, near eutectic and hypoeutectic with duplex structure) [5.35]. Their 

comprehensive study comprised free erosion-corrosion experiments, cathodic protection 

application and electrochemical monitoring. The UNS S31603 stainless steel exhibited the 

poorest erosion-corrosion resistance, while the hypereutectic white cast iron showed slightly 

better erosion-corrosion performance with high synergy that contributed up to 66% on its 

total mass loss. The near eutectic cast iron behaved similarly with the hypoeutectic white 

iron, in terms of total mass loss, with the former alloy being superior at the pure mechanical 

damage and the latter exhibiting greater corrosion resistance. In fact, the hypoeutectic white 

iron exhibited negligible corrosion damage, comparable to that of the austenitic stainless 

steel, due to its high chromium content (40%wt).  

Neville and Reza [5.25] studied the erosion-corrosion of three different white cast 

irons with similar Cr/C ratio on a solid/liquid (1,000ppm of NaCl, pH 8.5, 5wt% solid loading) 

impingement recirculating rig, including an austenitic stainless steel (UNS S31603) as a 

reference. They showed that the erosion-corrosion performance can be altered when the 

fine silica sand is replaced with coarse silica sand. They observed a change of the relative 
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performance of the materials, as the stainless steel performed better than the white cast 

irons under coarse particles impingement, but the stainless steel exhibited higher mass loss 

than the cast irons when fine particles were utilised. These results demonstrated the 

complexity of the erosion-corrosion phenomena and the numerous variables that need to be 

considered.  

In the recent study of Karafyllias et al [5.36], the erosion-corrosion impingement 

resistance of four materials; a hypoeutectic cast iron with martensitic matrix, a hypoeutectic 

white cast iron with austenitic matrix, and a martensitic (UNS S42000) and austenitic stainless 

steel (UNS S31600) was evaluated. The angle of solid/liquid impingement was kept at 90o and 

the slurry comprised of 3.5%NaCl and 500 mg/L solid concentration. Their results illustrated 

the superior behaviour (lower volume loss) of the near eutectic cast iron and the 

hypoeutectic cast iron compared to the two stainless steels. This attribute was observed in 

both free erosion-corrosion and erosion conditions (i.e. application of cathodic protection). 

The austenitic based alloys were clearly better than the martensitic based alloys in terms of 

corrosion resistance. 

5.3 Experimental work objectives 

The objective of the present work was to investigate the deterioration mechanisms that 

occur within two hypoeutectic high chromium white cast irons with different %C and %Cr 

contents.  Properties like the CVF factor, bulk hardness and the Cr/C ratio were investigated 

through impingement tests. The corrosion component, based on the Crmatrix/Crcarbides ratio of 

each white cast iron was also evaluated, through electrochemical monitoring techniques. In 

addition to the cast irons, an austenitic and a martensitic stainless steel were also considered; 

the purpose being to consider the presence of the chromium carbides within each of the 

stainless steel-like structures. The application of the newly developed technique, described 

in Chapter 4, facilitated the quantification of the impingement erosion, sliding abrasion, 

corrosion and the synergistical effects of the electrochemical degradation to mechanical 

deterioration mechanisms of the white cast irons. This extensive analysis is highly novel as 

these cast irons have not been previously assessed as intensively as herein.  

  



Chapter 5: Erosion-corrosion study on white cast irons and stainless steels 

 

98 
 

5.4 Materials and Methodology 

The alloys that were selected for this study are listed below: 

 Austenitic stainless steel (UNS S31600), which exhibits good corrosion resistance in 

various corrosive environments. 

 Martensitic stainless steel (UNS S4200), which has moderate corrosion performance 

in saline conditions. 

 Hypoeutectic chromium cast iron Fe-27Cr-2.9C alloy, referred to as 27%Cr cast iron 

herein, which possesses good wear resistance and low corrosion resistance through 

a eutectic structure derived from hard M7C3 type carbides and high hardness 

martensitic matrix. 

 The hypoeutectic cast iron, named as 37%Cr cast iron herein, yields improved 

corrosion resistance by reducing the amount of chromium carbides and maintaining 

more chromium in the matrix, transforming to austenite, to attain 300 series 

austenitic stainless steels corrosion resistance with improved wear resistance. 

Table 5.2 illustrates the nominal compositions of the stainless steels and cast irons 

(limited to carbon/chromium contents due to confidentiality), provided by the suppliers. 

Table 5.3 demonstrates the materials’ densities along with their measured hardness. 

Table 5.2 Nominal composition (wt%) of the stainless steels and cast irons. 

Material C Cr Ni Mo S Mn Si N P Fe 

UNS 

S31600 
≤0.08 

16-

18 

10-

14 

2.0-

3.0 
≤0.03 ≤2.0 ≤0.75 ≤0.1 0.045 Bal. 

UNS 

S42000 
<0.15 

12- 

14 
  <0.03 <1 <1  <0.04 Bal. 

27%Cr 

cast iron 
3.0 27         

37%Cr 

cast iron 
1.8 37         
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Table 5.3 Nominal densities and measured hardness of the stainless steels and cast irons 

Material Density (g/cm3) Hardness (HV-5kgf) 

UNS S31600 8.00 200 

UNS S42000 7.85 280 

27%Cr cast iron 7.50 765 

37%Cr cast iron 7.65 365 

 

Figures 5.2 and 5.3 demonstrate the microstructure of the 27%Cr and 37%Cr cast 

irons through their cross sections, as described in Section 3.2.3. The 27%Cr cast iron has 

apparent eutectic rod-type chromium carbides (white) with eutectic martensite (light brown) 

and primary martensite (dark brown). On the other hand, 37%Cr cast iron consists of 

austenitic dendrites and eutectic structure of austenite and small size (around 1-2μm) 

chromium carbides. 

 

Figure 5.2 The microstructure of the 27%Cr cast iron with the large size eutectic carbides 
and eutectic and primary martensite. 
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Figure 5.3 The microstructure of the 37%Cr cast iron with the eutectic structure and 
austenite dendrites. 

The erosion-corrosion experiments were carried out using a submerged jet 

impingement rig described in Section 3.3.1. The testing duration was 2h. The nozzle diameter 

was 4 mm. The slurry contained aqueous solution with 3.5% NaCl and sand particles at 

39±1oC, impinged at 17 m/s velocity perpendicular to the specimen surface. The angular silica 

sand particles used in this study exhibits hardness of about 1160HV. The sand concentration 

was 200±20 mg/L. After the free erosion-corrosion experiments, the martensitic stainless 

steel (UNS S42000) and the 27%Cr cast iron were immersed briefly in an inhibited acid 

solution (Clark’s solution) in order to remove the apparent corrosion products on their 

surface prior to weighing. On the other hand, the austenitic stainless steel and the 37%Cr 

cast iron exhibited negligible corrosion product on their post-test surface. 
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5.5 Results 

5.5.1 Static corrosion experiments 

Static corrosion experiments in a beaker of aqueous solution which contained 3.5% of NaCl 

were undertaken on a small selection of the cast irons. The aim of this typical corrosion test 

was to initially compare (prior to further testing) the relative corrosion resistance of the cast 

irons. For this reason, polished specimens of 27%Cr and 37%Cr cast irons were immersed in 

saline water. Figure 5.4, illustrates the two specimens after four weeks of immersion. It is 

clear that the 27%Cr cast iron specimen exhibits extensive general corrosion, while 37%Cr 

cast iron surface is passive.  

 

Figure 5.4 Surface condition and solution colour after four weeks submersion of the three 
polished specimens (A- 27%Cr cast iron and B- 37%Cr cast iron) 

5.5.2 Wavelength dispersive spectroscopy (WDS)  

Wavelength dispersive spectroscopy was utilised, as described in Section 3.2.4.1, to quantify 

the %Cr content in the matrix and the carbides of the two white irons. The 27%Cr cast iron 

consist of a mixture of martensitic matrix and M7C3 rod type carbides, and the 37% cast iron 

is comprised of austenitic matrix and M23C6 [5.9]. The average size of the chromium carbides 

in 27%Cr cast iron is bigger compared to the chromium carbides in 37%Cr cast iron, as a result 

of their different solidification paths. 

Table 5.4 shows the average values of measured chromium contents of the metallic 

matrix and the chromium carbides out of three replicates and the ±1 represents their scatter. 
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The obtained chromium contents of the matrix distinguish clearly the martensitic structure 

of the 27%Cr cast iron and the austenitic structure of the 37% cast iron. The Crcarbides/Crmatrix 

ratio has also been calculated as it determines the corrosion resistance of the white cast 

irons. 

Table 5.4 Chemical point analysis of the two white cast irons 

Alloy Crmatrix Crcarbides Crcarbides / Crmatrix 

27%Cr cast iron 14.6 ± 1 52.1 ± 1 3.6 

37%Cr cast iron 23.5 ± 1 60.7 ± 1 2.6 

5.5.3 Volume fraction and micro-hardness measurements of the cast 

irons 

Table 5.5 illustrates the volume fraction (VF) of the three different constituents of each cast 

iron, which were determined by Image J analysis of the materials’ cross sections, as described 

in Section 3.2.6. 

Table 5.5 Volume fraction of the different phases of the composite-like microstructure of 
cast irons. 

27%Cr cast iron Average VF (%) 37%Cr cast iron Average VF (%) 

Primary martensite 39 Austenite Dendrites  57 

Eutectic Martensite  34 Eutectic austenite 27 

Eutectic Carbides 27 Eutectic Carbides 16 

Total 100 Total 100 

 

The above volume fractions assist in verification of the acquired values of chromium 

content within the metallic phase of both white cast irons through the model of Lu et al [5.3]. 

Their model [5.3] suggests that the chromium concentration of the matrix can be calculated 

by the Equation 5.1 below, considering the carbide volume fraction and the overall chromium 

content of the white cast iron: 

 _

%
1 0.032 %

matrix

cast iron

CVF
Cr

Cr


 
                           Equation 5.1 
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Taking into consideration the overall chromium content on Table 5.2 and the CVF 

values of Table 5.5, the measured %Crmatrix (14.5 and 24.5for the 27%Cr cast iron and 37%Cr 

cast iron respectively) agree with the WDS measured values shown in Table 5.4.  

The micro-hardness test technique also enhances the understanding of the erosion 

mechanisms that take place on each cast iron, as it is well known that the carbides are wear 

resistant in comparison with the metallic matrix which is likely to erode preferentially under 

slurry. Hence, an average of ten micro-hardness measurements, which followed the micro-

hardness testing procedure described in Section 3.2.5, were conducted on the primary 

solidification phase, eutectic structure, and the 27%Cr cast iron chromium carbides (example 

given in Figure 5.5) and they are illustrated in Table 5.6.  

Table 5.6 Measured micro-hardness values of the different phases of the composite-like 
microstructure of the 27%Cr and 37% cast irons. 

Material 
Primary solidification 

phase (50gf) 
Eutectic Structure 

(200gf) 
Eutectic Carbides 

(50gf) 

27%Cr cast iron 640 HV 733 HV 1114 HV 

37%Cr cast iron 251 HV 459 HV  

 

 

Figure 5.5 Hardness indentation on the M7C3-type eutectic carbide of the 27%Cr cast iron. 
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It is clear that the 37%Cr cast iron’s austenitic dendrites possess half the hardness of 

the martensitic matrix of 27%Cr cast iron which will inevitably make the former cast iron 

more susceptible to erosion than the latter cast iron. The 37%Cr cast iron eutectic structure 

exhibited lower hardness than the 27%Cr cast iron as a result of its austenitic matrix and the 

lower hardness carbides. Due to the small size of the eutectic carbides of the 37%Cr cast iron, 

their micro-hardness could not be measured directly. Taking into consideration the rule of 

mixtures [5.37] though, which suggests that the overall hardness of a multi-phase material is 

determined by the sum of the volume average of the material’s phases’ hardness, the 

hardness values of Cr7C3 (present in 27%Cr cast iron) and Cr23C6 (present in 37%Cr cast iron) 

can be determined using the Equation 5.2 below. 

   _ _Total Metallic matrix Metallic matrix Carbides CarbidesH H VF H VF                          Equation 5.2 

 
 

_ _Total Metallic matrix Metallic matrix

Carbides

Carbides

H H VF
H

VF

 
  

For 27%Cr cast iron, 

 

 7 3

767 640 0.73
1111

0.27
Cr CH HV

 
   

For 37%Cr cast iron, 

 

 23 6

365 251 0.84
968

0.16
Cr CH HV

 
   

The above calculated hardness values of the chromium carbides are in agreement with the 

literature, where the HCr7C3 is approximately 1200HV [5.6] and the HCr23C6 is about 976HV 

[5.38]. 

5.5.4 Volume loss measurements 

The measured mass losses of individual specimens illustrated in Table 5.7, were converted to 

volume losses by using the nominal density of the alloys (Table 5.3) to facilitate a more 

accurate comparison between the white cast irons and the stainless steels. Figure 5.6 

illustrate the average volume losses of the comparative materials with error bars 

representing the scatter band from three replicates under free erosion-corrosion (FEC) and 
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also with the application of cathodic protection (CP). It is evident that the performance of all 

materials under free erosion corrosion conditions was similar. According to the cathodic 

protection results, the 27%Cr cast iron exhibits superior erosion performance compared to 

the other comparative materials. The martensitic stainless steel follows the 27%Cr cast iron 

erosion behaviour and the SS316 steel is comparable to the 37%Cr cast iron. 

Table 5.7 Average mass loss of the stainless steels and cast irons in free erosion corrosion 
and with cathodic protection. 

Material 
Average Mass loss (mg) 

Free erosion-corrosion Cathodic protection 

UNS S31600 9.7 9.2 

UNS S42000 10.1 7.3 

27%Cr cast iron 10.0 6.1 

37%Cr cast iron 10.3 8.5 

 

 

Figure 5.6 Volume losses of the stainless steels and cast irons in free erosion corrosion and 
with cathodic protection without the porous cast irons’ results. 

5.5.5 Electrochemical monitoring 

5.5.5.1 Linear polarisation scans 

Figures 5.7 – 5.10 show the linear polarisation scans, as described in Section 3.3.4, on the 

direct impinged zone (DIZ) of each segmented specimen, which are generated according to 
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Section 3.3.3. The high current fluctuations in the linear polarisation scans are associated 

with the high concentration of solids that caused extensive de-passivation of the Cr-rich film 

in the direct impinged zone of each material. The current fluctuations of the UNS S31600 and 

37%Cr cast iron are narrower compared to that of UNS S42000 and 27%Cr cast iron due to 

their greater corrosion resistance and effectively greater re-passivation rates. The linear 

polarisation scans of each material within the different exposure times coincide, which 

indicates that the corrosion rates remain constant during the 2h impingement test. 

 

Figure 5.7 Linear polarisation scans on the direct impinged zone of the UNS S31600 in 
solid/liquid impingement. 

 

Figure 5.8 Linear polarisation scans on the direct impinged zone of the UNS S42000 in 
solid/liquid impingement. 
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Figure 5.9 Linear polarisation scans on the direct impinged zone of the 27%Cr cast iron in 
solid/liquid impingement. 

 

Figure 5.10 Linear polarisation scans on the direct impinged zone of the 37%Cr cast iron in 
solid/liquid impingement. 

Figure 5.11 – 5.14 display the linear polarisation scans on the outer area (OA) of the 

specimen. Considering the polarisation resistance, the corrosion rate on the outer area is 

lower than on the direct impinged zone, as tabulated in Table 5.8. It is evident that the 

current fluctuations on the outer area are significantly smaller than on the direct impinged 

zone. This common feature emanates by the fact that in the outer area lower velocities and 
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oblique angles of impingement take place. This implies that the passive film is likely to be 

more stable. During the first 5 minutes of each linear polarisation, the gradient is slightly 

higher but the polarisation resistance stabilises at a certain value after the first 30 minutes. 

 

Figure 5.11 Linear polarisation scans on the outer area of the UNS S31600 in solid/liquid 
impingement. 

 

Figure 5.12 Linear polarisation scans on the outer area of the UNS S42000 in solid/liquid 
impingement. 
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Figure 5.13 Linear polarisation scans on the outer area of the 27%Cr cast iron in solid/liquid 
impingement. 

 

Figure 5.14 Linear polarisation scans on the outer area of the 37%Cr cast iron in solid/liquid 
impingement. 
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direct impinged zone is suffering from a high corrosion rate, whereas the outer area is 

subjected to much lower corrosion rates. The austenitic based materials (UNS S31600 and 

37%Cr cast iron) show their superiority in both areas compared to martensitic based alloys 

(UNS S4200 and 27%Cr cast iron). This feature is associated with the formation of a passive 

film on the former group that even it is breaking down consistently in the direct impinged 

zone, their good corrosion resistance is maintained. 

Table 5.8 Polarisation resistances by taking into account the surface areas of the segments 
of each comparative material. 

Material 
Polarisation resistance Rp (Ω*cm2) 

DIZ (Area = 0.2 cm2) OA (A = 11.00 cm2) 

UNS S31600 148 8800 

UNS S42000 66 2926 

27%Cr cast iron 44 1628 

37%Cr cast iron 285 17600 

5.5.5.2 Potentiodynamic scans 

The anodic polarisation scans on the direct impinged zone (DIZ) and outer area (OA) of the 

segmented specimen were performed after the linear polarisation monitoring at 90mins. 

Figures 5.15 – 5.18 show the anodic polarisation of each comparative material on the direct 

impinged zone and on the outer area. The normalised potential represents the electrode 

potential of at least 25mV more negative to Ecorr and it has been utilised for a more effective 

comparison, since the Ecorr are different between the two specimen regions. The current 

fluctuations in UNS S31600 and 37%Cr cast iron scans are indicative of de-passivation/re-

passivation of a passive film. These fluctuations are largely absent for the UNS S42000 and 

27%Cr cast iron which, together with the exhibited high currents, implies the lack of a passive 

film. 
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Figure 5.15 Anodic polarisation scans on both segments of UNS S31600 in solid/liquid 
impingement. 

 

Figure 5.16 Anodic polarisation scans on both segments of UNS S42000 in solid/liquid 
impingement. 
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Figure 5.17 Anodic polarisation scans on both segments of 27%Cr cast iron in solid/liquid 
impingement. 

 

Figure 5.18 Anodic polarisation scans on both segments of 37%Cr cast iron in solid/liquid 
impingement. 
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Table 5.9 lists the corrosion current densities along with the Ecorr of each region 

through Tafel extrapolation by plotting a straight line from the average of the oscillating 

currents. The mass losses were calculated by using the Faraday’s law (see section 2.3.7.2). A 

common attribute of all tested materials was the corrosion current density on their direct 

impinged zone which was higher than that of their outer area.  

Comparison of the tested materials shows that the 37%Cr cast iron exhibited the 

lowest corrosion rate in the direct impinged zone, with the UNS S31600 exhibiting slightly 

higher rate and the two martensitic alloys corroding at substantially higher rates. In the outer 

area, there was a distinct difference between the austenitic structured alloys (with corrosion 

rates at least five times lower) than the martensitic-base materials. The 27%Cr cast iron 

displayed by far the highest corrosion rate in the outer area. 

Table 5.9 Free corrosion potentials (Ecorr), corrosion rates and calculated mass losses due to 
corrosion on both areas of the segmented electrodes. 

Material 

DIZ (Area = 0.2 cm2) OA (A = 11.00 cm2) 

Ecorr 

(mV) 

Corrosion 

Current 

density 

(mA/cm2) 

Mass loss 

due to 

corrosion 

(mg) 

Ecorr 

(mV) 

Corrosion 

Current 

density 

(mA/cm2) 

Mass loss 

due to 

corrosion 

(mg) 

UNS 

S31600 
-553 0.25 0.10 -369 0.002 0.04 

UNS 

S42000 
-563 0.50 0.20 -452 0.010 0.20 

27%Cr 

cast iron 
-529 0.50 0.20 -482 0.020 0.44 

37%Cr 

cast iron 
-531 0.20 0.06 -343 0.001 0.02 

 

Figure 5.19 shows the anodic polarisation scans on the full specimen (38mm 

diameter) after 30 minutes of impingement, as the corrosion rates were steady after this 

period. The normalised potential represents the electrode potential of at least 25mV more 

negative to Ecorr and it has been employed for better comparison, since the Ecorr are different 

between the materials. It is apparent that there are two groups of materials; the low 
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corrosion resistant materials (27%Cr cast iron and UNS S42000) and more corrosion resistant 

materials (UNS S31600 and 37%Cr cast iron). 

 

Figure 5.19 Anodic polarisation scans on the full specimen of each comparator material in 
solid/liquid impingement. 

Table 5.10 shows the generated current densities from the Tafel extrapolations for 

the full specimen of each comparative material along with their Ecorr and the calculated mass 

losses via Faraday’s law. The ranking of the corrosion rates of the full specimen of the 

materials is in agreement with that of the segmented specimens as the austenitic based 

alloys are exhibiting better corrosion resistance than the martensitic based alloys. 

Table 5.10 Free corrosion potentials (Ecorr), corrosion rates and calculated mass losses due 
to corrosion of the full specimen of each material. 

Material Ecorr (mV) 
Corrosion current 

density (mA) 

Mass loss due to 

corrosion (mg) 

UNS S31600 -440 0.008 0.17 

UNS S42000 -491 0.026 0.62 

27%Cr cast iron -471 0.035 0.80 

37%Cr cast iron -381 0.004 0.08 
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5.5.6 Surface topography 

5.5.6.1 Macro-views observations 

Figure 5.20 shows the post-test surface directly after the two hours free erosion-corrosion. 

It is apparent that the UNS S31600 and 37%Cr cast iron surfaces do not exhibit any corrosion 

products, which reveals their superior corrosion resistance. However, UNS S42000 and 

27%Cr cast iron are experiencing high corrosion rate by developing a ring shaped corrosion 

products adjacent to the wear scar.  

 

Figure 5.20 Post-test surface of the materials after 2h solid/liquid impingement: UNS 
S31600 (A); UNS S42000 (B); 27%Cr cast iron (C) and 37%Cr cast iron (D). 

5.5.6.2 Wear mechanisms under the jet  

The deterioration mechanisms occurring inside the wear scars were determined via cross 

sections of the post-tested stainless steel specimens and as post-tested SEM views of the 

cast irons. The UNS S31600 stainless steel exhibited different wear mechanisms than the high 

chromium cast irons, as the former shows work hardening effects by the constant impact of 
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the solid particles and the latter demonstrate micro-cracking on their chromium carbides. 

The UNS S42000 did not exhibit any visible surface hardening within its wear scar and for this 

reason was excluded from this assessment. The surface hardening and the carbide micro-

cracking are discussed in the sections below: 

UNS S31600 

Figure 5.21 shows the cross section of the UNS S31600 stainless steel wear scar. It is evident 

that erosion-related deformation has taken place within the subsurface regions. The 

thickness of the UNS S31600 hardened layer is about 30μm. This conforms to the typical 

stress and strain curve of a ductile material, where it has a broader plastic deformation region 

than a less ductile material for a certain stress. Such distorted surface structure was not 

evident in the region outside the wear scar of the austenitic stainless steel. 

 

Figure 5.21 Hardened layer on the UNS S31600 wear scar. 

Many researchers [5.39–5.41] in the past have seen the strain hardening effect, but 

they had not attempted to measure the hardness of the surface hardening layer. Singh et al 

[5.42], found in fact that the surface hardening of the UNS S316000 was substantial, as the 

hardness was increased from 160HV50 to 430HV50 during air blast erosion at normal 

incidence. In this study therefore, Knoop hardness testing (see Section 3.4.3) was employed 
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to assess the intensity of hardness near the surface due to the impact stresses of the sand 

particles. This assessment focused on the austenitic stainless steel, as the hardened layer on 

the martensitic wear scar was too thin to be indented. Table 5.11 illustrates ten indentations 

beneath the wear scar and 10 indentations at the core of the stainless steel. It is evident that 

the surface hardness has been increased by almost 100HK by the impact effect of the 

particles. 

Table 5.11 Hardness measurements on the hardened layer and the core material of the 
UNS S31600. 

Indentation No. Hardened layer (HK) Core material (HK) 

1 244 156 

2 243 143 

3 256 134 

4 264 144 

5 248 144 

6 253 143 

7 251 147 

8 235 149 

9 230 157 

10 251 149 

Average  248±10 147±7 

 

High chromium cast irons 

Figure 5.22 shows the heavily degraded microstructure of the 27%Cr cast iron inside its wear 

scar after solid/liquid impingement. Extensive micro-cracking of the chromium carbides with 

some spalling events, are apparent in the wear scar, as a result of the impact stresses of the 

striking erodent that cause fracture of the Cr7C3 rod like carbides. On the other hand, the 

martensite, which surrounds the carbides, has been widely deformed. 
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Figure 5.22 Carbide cracking and spalling sites inside the wear scar of the 27%Cr cast iron. 

Figure 5.23 and 5.24 illustrates the cross section of the 27%Cr wear scar, where 

subsurface cracking is evident for at least 20μm below the surface. This feature demonstrates 

that the impact stresses of the abrasives have also been transmitted to the carbides and 

martensite, causing multiple cracks on the former while the latter deforms. The fracture of 

the carbides below the surface would lead to easier spalling on the next erodent impact. 

Deformation on 

the martensite 
Multiple cracks in 

the M7C3 carbide 
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Figure 5.23 Cross section of the 27%Cr wear scar with heavily cracked chromium carbides 
and carbide removal. 

 

Figure 5.24 Cross section of the 27%Cr wear scar with apparent cracks well below the top 
surface and carbide-ready to be removed. 

Carbide before 

removal 
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Figure 5.25 illustrates the cracked eutectic carbides in the wear scar of the 37%Cr 

cast iron after solid/liquid impingement. Figures 5.26 and 5.27 show the cross section of 

37%Cr cast iron’s wear scar, where also extensive subsurface cracking had taken place for at 

least 30μm below the top surface. This trait triggers the detachment of lumps of the cast 

irons which would include both austenite and eutectic carbides. It should be noted that the 

sub-surface cracking was not observed in regions of the cross sections outside the wear scar 

of both cast irons. 

 

Figure 5.25 Extensive cracking on the eutectic carbide network inside the wear scar of the 
37%Cr cast iron. 

Eutectic carbide 

network cracked 
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Figure 5.26 Vertical and perpendicular cracking on the eutectic carbides. 

 

Figure 5.27 Continuous cracking on chromium carbides below a segment of austenite. 
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5.5.6.3 Wear scar depths  

Surface profile scans were performed, via surface topography (see Section 3.4.2), on the wear 

scar of each specimen to broaden the evaluation of the deterioration mechanisms occurring 

in the zone directly under the impinging jet. Figure 5.28 shows an example of the wear scar 

profile scans of the UNS S31600 under free erosion-corrosion conditions and cathodic 

protection conditions, respectively. It is clear that there is no significant difference in the two 

depths, which indicates that the dominant degradation mechanism occurring in the UNS 

S31600 wear scar is erosion.  

Figure 5.29 and 5.30 illustrate examples of the wear of the martensitic stainless steel 

(UNS S42000) and 27%Cr cast iron under free erosion-corrosion conditions and cathodic 

protection. The effect of corrosion related damage is apparent on the wear scar profile scans 

on both martensitic-structured materials. 

 

Figure 5.28 Surface profile scan of the wear scar of the stainless steel UNS S31600 under 
solid/liquid impingement in free erosion-corrosion and cathodic protection. 
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Figure 5.29 Surface profile scan of the wear scar of the stainless steel UNS S42000 under 
solid/liquid impingement in free erosion-corrosion and cathodic protection. 

 

Figure 5.30 Surface profile scan of the wear scar of the 27%Cr cast iron under solid/liquid 
impingement in free erosion-corrosion and cathodic protection. 
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Figure 5.31 shows the wear scar profile scans of the 37%Cr cast iron under free 

erosion-corrosion conditions and cathodic protection. There is a clear difference in the wear 

scar depths under free erosion-corrosion conditions compared to the pure erosion conditions 

as observed on the martensitic-based alloys above, but the most interesting feature out of 

the profile scan examination is the uneven shape of the wear scar in both conditions which 

indicates that the mechanical effect of sand particles have impacted differently the 

microstructure of the 37%Cr cast iron.  

 

Figure 5.31 Surface profile scan of the wear scar of the 37%Cr cast iron under solid/liquid 
impingement in free erosion-corrosion and cathodic protection. 

Figure 5.32 illustrates the wear scar depths of all comparative materials with and 

without cathodic protection for at least two replicate experiments. The wear scar depths 

agree with the total volume losses in Figure 5.6, as the application of cathodic protection 

resulted in a significant reduction of the total volume loss of the two cast irons and UNS 

S42000 and less effective on UNS S31600. 
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Figure 5.32 Average wear scar depths of the studied materials under solid/liquid 
impingement in free erosion-corrosion and cathodic protection. 

5.5.6.4 Volumetric analysis of the wear scars 

Figure 5.33 shows a 3D profile of the 27%Cr cast iron wear scar, which is typical of the 

stainless steels as well.  

 

Figure 5.33 Volumetric analysis on the direct impinged zone of the 27%Cr cast iron surface 
after solid/liquid impingement.  
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An exception was observed at the 37%Cr cast iron wear scar morphology, as illustrated in 

Figure 5.34, as it exhibits an irregular shape with peaks and valleys in all impingement 

conditions (i.e. free erosion-corrosion and cathodic protection). This feature is a result of the 

distinct hardness difference between the matrix (251HV) and the eutectic structure (457HV) 

and the extensive cracking of the eutectic carbides shown in Figures 5.26 & 5.27. 

 

Figure 5.34 Volumetric analysis on the direct impinged zone of the 37%Cr cast iron surface 
after solid/liquid impingement.  

Figure 5.35 illustrates the volume losses of the comparative materials within the 

direct impinged zone during solid/liquid impingement with and without cathodic protection. 

The volume losses, when the cathodic protection was applied, were reduced. The UNS 

S31600 had about 5% reduction on the wear scar volume, whereas the UNS S4200 and both 

cast irons exhibited about 30% which shows the benefit of cathodic protection on those 

materials.  
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Figure 5.35 Comparison of the average volume losses within the wear scar of the two 
stainless steels and the two cast irons under solid/liquid impingement in free erosion-

corrosion and cathodic protection. 

5.6 Discussion 

5.6.1 Total Volume loss (TVL) in free erosion corrosion (FEC) 

conditions 

The total volume losses were measured directly from the experiments, see Figure 5.6. The 

overall volume losses of all the comparative materials were similar under free erosion-

corrosion conditions. These results are not in accord with previous studies, which have 

reported that the erosion-corrosion resistance of white cast irons is superior to that of 

stainless steels [5.17,5.31–5.35]. However, these tests [5.17,5.31–5.35] involved either 

three-body dry abrasion or low angle of impingement with much higher solid loadings. 

Moreover, a recent solid/liquid impingement study examined the effect of increasing the 

erosivity of the slurry by involving higher velocity and sand loading and indeed demonstrated 

the superiority of the cast irons over stainless steels. This again indicates how the material 

performance under erosion-corrosion conditions are crucially dependent on the balance 

between mechanical and electrochemical severity [5.25,5.36]. 
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Discrimination of the total volume loss in DIZ and OA 

Figure 5.36 illustrates the discrimination of the total volume loss to the volume loss 

of the wear scar and the material loss on the outmost area that enhances the understanding 

and quantification of the corrosive wear mechanisms that occur during the experiments. It is 

difficult to distinguish the best performing material, as the volume losses of the four 

materials are comparable in both direct impinged zone (DIZ) and outer area (OA). However, 

an interesting feature of this distribution is the fact that if the surface area of the direct 

impinged zone (~0.2cm2) and outer area (~11.0 cm2) are considered,  the volume losses per 

unit area on the outer zone is substantially smaller than that of the direct impinged zone. 

This demonstrates that the material loss is critically affected by the erosion conditions a) high 

solid loading and extremely high velocities (DIZ) which results in high volume loss and b) low 

sand loading and velocities (OA) that cause low volume loss. 

 

Figure 5.36 Proportions of volume loss damage in the direct impingement zone and in the 
outer area of the comparative materials. 

Figure 5.36 is indicative of the overall damage on each specimen region but further 

discrimination of the erosion-corrosion degradations processes will add value to this 

evaluation. It is known that the volume loss in the direct impinged zone represents the pure 

erosion, pure corrosion and the synergy within the wear scar. The volume loss on the outer 

area signifies the sliding abrasion (mechanical), the pure corrosion and the synergy that take 

place outside the wear scar. The quantitative volume losses, shown in Figure 5.37, are 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

TVL VL DIZ VL OA

V
o

lu
m

e
 lo

ss
 (

m
m

3
)

UNS S31600 UNS S42000 27%Cr cast iron 37%Cr cast iron



Chapter 5: Erosion-corrosion study on white cast irons and stainless steels 

 

129 
 

measured in accordance to Section 4.8 in Chapter 4, and demonstrate the substantial 

benefits of the expanded assessment of erosion-corrosion testing that forms the basis of this 

thesis.  

 

Figure 5.37 Distinction of the different material degradation processes on the two stainless 
steels and the two cast irons. 

5.6.2 Total volume loss with cathodic protection (CP) 

The total volume losses with the cathodic protection were measured directly from the 

experiments as shown in Figure 5.6. The application of CP assisted in the distinction of the 

comparative materials, since the martensitic based alloys exhibited superior erosion 

resistance compared with the austenitic based materials. Similar changes in the relative 

ranking of white cast irons and stainless steels were observed in past studies [5.25,5.36] 

through alteration of the environmental conditions. 

 

The employment of CP reduced the overall material loss of all materials. It is 

noteworthy, though, to mention that 27%Cr cast iron benefited the most by the application 

of CP, as its total volume loss was decreased by 39%. The UNS S42000 and 37%Cr cast iron 

also benefited from CP as their volume loss dropped by about 28% and 18%, respectively. On 

the other hand, the UNS S31600 volume loss fell by just 5%. This demonstrates that the 

corrosion related component, had most substantial effect on the 27%Cr cast iron and the 
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UNS S42000 and lower impact on the 37%Cr cast iron and the austenitic stainless steel. 

Similar traits of the significant reduction of the martensitic based alloys have been observed 

in previous studies [5.22,5.35,5.36]. The same group of studies [5.22,5.35,5.36], have found 

that the material loss of the austenitic based alloys is less affected as the chromium content 

in their matrix is higher than the martensitic based alloys. 

 

In terms of mechanical damage, the difference between the two stainless steels may 

be linked to their different hardness, even if the UNS S31600 was work hardened by the 

continuous solid particle impact as shown in Figure 5.21. The relative behaviour of the two 

cast iron alloys may be associated with their Cr/C ratio. The 37%Cr cast iron exhibits a Cr/C 

ratio of 20.6 which is more than two times of the Cr/C ratio of the 27%Cr cast iron (9.0). Since 

it is suggested that the lower the Cr/C ratio is, the higher the wear resistance [5.35,5.43], the 

above results agree with the literature. 

5.6.3 Erosion damage on the direct impinged zone (DIZ) 

The material deterioration by erosion mechanisms that takes place inside the wear scar was 

determined by the volume loss analysis of the cathodically protected wear scars. The UNS 

S42000 showed the lowest erosion damage within the direct impinged zone. The two cast 

irons showed higher volume loss than the martensitic stainless steel and this is attributed 

with the heavy cracking of their hard chromium carbides by the impinging particles, as 

observed in Figures 5.22 - 5.27. Nevertheless, both cast irons exhibited better erosion 

resistance in their wear scar than the austenitic stainless steel, which was the most 

vulnerable material under direct impingement erosion. According to the literature [5.5–

5.7,5.25], the hardness of a material cannot determine the erosion resistance of the material 

as a single factor, especially when the target exhibits a composite-like structure. Other 

mechanical properties (e.g. elastic modulus) should also be taken into account to obtain 

improved correlations with the erosion rates. 

 

At this point, it should be mentioned that the 37%Cr cast iron wear scar depths in 

cathodic protection are about the same as with the UNS S31600 but the total wear scar 

volume loss is quite different. This also suggests that the wear scar depth, as a single 

parameter, cannot represent the level of the mechanical damage as the morphology of the 

wear scar was asymmetrical and not a perfect U-shape as on the other three materials. It is 
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evident that the soft austenitic dendrites of the 37%Cr cast iron, that comprise about 57% 

volume fraction of the overall structure, are selectively eroded and the protruding chromium 

carbides are susceptible to cracking and consequently spalling. Another interesting feature, 

though, was apparent on the cross sections of the 37%Cr cast iron wear scar (See Figures 

5.26 and 5.27) where the cracking propagation on the eutectic carbides follows the eutectic 

structure that encloses the austenitic dendrites, resulting in spalling of carbides along with 

the large dendrites. This attribute has caused the uneven shape of the 37%Cr wear scar. On 

the other hand, the 27%Cr cast iron showed a different erosion mechanism as the rod like 

carbides experienced cracking but the hard martensitic matrix was not eroded preferentially 

to the carbides; as a result the mechanical support to the carbides was maintained. 

5.6.4 Corrosion on the direct impinged zone (DIZ) 

Although the volume loss due to corrosion within the wear scar (DIZ), as calculated through 

Faraday’s Law, was a small proportion of the overall damage for all comparative materials in 

this study, there were some differences in the corrosion rates. The 27%Cr cast iron showed 

poor corrosion resistance in the initial static corrosion tests with saline water. On the other 

hand, the 37%Cr cast iron performed better in the same environment. Under the solid/liquid 

impingement conditions, the in-situ corrosion rates in Table 5.11 showed that the 27%Cr cast 

iron and the UNS S42000 corrosion rates were almost double that of the UNS S31600 and 

three times greater than the 37%Cr cast iron. It is apparent that the chromium content on 

the matrix of the cast iron dictates their corrosion resistance, as suggested in the literature 

[5.24–5.26,5.28,5.35].  

5.6.5 Synergy on the direct impinged zone (DIZ) 

The enhancement of erosion by the corrosion mechanisms on the direct impinged zone was 

determined by the subtraction of the corrosion and erosion damage from the total volume 

loss in the direct impinged zone. Synergy was a key factor of the material loss inside the wear 

scar of the two cast irons and the UNS S42000. In fact, synergy (S) was more predominant 

than pure corrosion (C) in the direct impinged zone. The synergy values of the cast irons and 

the martensitic stainless steel were about eight times bigger than the UNS S31600. Toro et 

al [5.44] have suggested that intergranular corrosion along with uniform corrosion of the 

metallic matrix are the main mechanisms that enhance the mechanical removal of the 

martensitic stainless steel. It is considered that the synergy of the two cast irons has been 

accentuated due to the following factors below, as suggested by the literature [5.21–5.26]: 
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 By micro-galvanic corrosion between the metallic and ceramic phases. Since the 

chromium content of each phase is controlling its electrode potential, the Crcarbides 

/Crmatrix ratio of the chromium cast irons is important. 

 By corrosion attack at the phase interfaces weakening the interphase bond and 

facilitating additional material loss by mechanical action. 

 Crevice corrosion caused by the corrosion of the metallic phase. 

5.6.6 Sliding abrasion on the outer area (OA) 

In the experimental set up utilised in this research, the abrasion damage is, in a sense, an 

impingement at oblique angle. According to Finnie [5.45], the most vulnerable materials in 

low angle impingement are the soft metals. In other words, the abrasion resistance of a 

material is dependant of the target material hardness. Thus, the two low hardness stainless 

steels were prone to sliding abrasion damage. On the other hand, the 27%Cr cast iron as a 

brittle cast iron with high volume fraction of rod-shape large chromium carbides and a hard 

martensitic matrix exhibited superior sliding abrasion resistance. This links with the notion 

that high CVF often provides good durability to abrasion [5.1,5.4,5.35]. The hypoeutectic 

37%Cr cast iron exhibited similar sliding abrasion resistance as the stainless steels, which 

should be associated with the low carbide volume fraction with small size eutectic chromium 

carbides (100 times smaller than the erodent) and also their soft austenitic dendrites. These 

microstructural features of the 37%Cr cast iron contributed to the relatively lower sliding 

abrasion resistant than the 27%Cr cast iron. 

5.6.7 Corrosion on the outer area (OA) 

Similar corrosion performance trends with the direct impinged zone were observed also on 

the outer area. It should be noted, though, that the relative ranking was more distinct in the 

outer area as the 37%Cr cast iron was two times better than the UNS S31600, and the UNS 

S42000 was two times better than the 27%Cr cast iron, as shown in Table 5.9. This attribute 

is important as it demonstrates that the austenitic-based alloys maintain their good static 

corrosion resistance (Figure 5.4) also in the less aggressive conditions outwith the direct 

impinged zone. However, similar to the corrosion on the direct impinged zone, the corrosion 

contribution to the overall damage obtained in the outer area was negligible. 
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5.6.8 Synergy on the outer area (OA)   

The synergistical effect of corrosion with erosion on the outer area would take place with 

similar mechanisms as on the direct impinged zone. However, the synergy was decreased in 

the outer area compared to the direct impinged zone for the 37%Cr cast iron and UNS 

S42000. This characteristic is apparent due to the decreased corrosion component, which is 

related to the synergy. For instance, the volume loss of the 37%Cr cast iron due to synergy 

on the outer area was negligible, since its corrosion rate was insignificant within this region. 

The UNS S42000 had the same trait with the 37%Cr cast iron as its volume loss was reduced 

from the direct impinged zone to the outer area. The 27%Cr cast iron showed similar volume 

loss due to synergy in both areas, as its corrosion rate was slightly reduced. The UNS S31600 

synergy was slightly increased in the outer area compared to the direct impinged zone even 

though, its corrosion rate was substantially reduced and it might be due to the great 

susceptibility to the erosion.  

5.7 Conclusions 

1. The application of the newly developed method of analysing the material loss yielded 

the discrimination of the various degradation mechanisms that take place under 

impingement and, thereby, provided a better understanding the erosion-corrosion 

behaviour of the materials than that of the obtained from a consideration of the total 

volume loss alone. For example, the superiority of the 27%Cr cast iron under pure 

mechanical conditions is related with its outstanding sliding abrasion resistance and 

not with its direct impingement erosion. This feature would not be perceptible by 

only considering the total volume loss under cathodic protection experiments. 

2. The cathodic protection was extremely effective on the martensitic structured alloys 

(27%Cr cast iron, UNS S42000), since they exhibited a volume reduction of 39% and 

28%, respectively. The UNS S31600 and 37%Cr cast iron showed superior corrosion 

resistance and for this reason the cathodic protection did not have a substantial 

effect. 

3. The suppression of the corrosion component changed the relative performance of 

the comparative materials as the martensitic structured alloys demonstrated greater 

erosion resistance against the austenitic based alloys.  
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4. The 27%Cr and UNS S42000 alloys exhibited similar overall erosion-corrosion 

behaviour. However, the 27%Cr showed greater mechanical performance in pure 

erosion conditions (i.e. with CP) compared to UNS S42000.  

 The UNS S4200 demonstrated better behaviour under direct impingement 

in contrast with the 27%Cr cast iron as the chromium carbides of the 27%Cr 

cast iron were heavily cracked and consequently large volumes of material 

were removed.  

 The presence of chromium carbides within the hard martensitic matrix of the 

27%Cr cast iron provided superior resistance to sliding abrasion. 

 Despite these facts, their high volume loss in free erosion-corrosion 

conditions was directly associated with the large corrosion component of 

their martensitic structure, with clear disadvantage of the 27%Cr cast iron as 

its composite-like structure provoked more synergy effects. 

5. Comparing the 37%Cr cast iron with the SS316; they showed only a small difference 

under free erosion-corrosion conditions.  

 The addition of chromium carbides in the austenitic matrix of 37%Cr cast iron 

has slightly enhanced its erosion resistance.  

 The corrosion related component of the 37%Cr cast iron is higher than UNS 

S31600 in the direct impinged zone due to the interaction of the metallic 

matrix with the carbides. On the other hand, the 37%Cr cast iron exhibited 

superior corrosion resistance in the outer area as the corrosion related 

component was negligible compared to that of UNS S31600. The 37%Cr cast 

iron has higher Cr content than the UNS S31600 and this could be the reason 

why its behaviour is better in corrosive environments.  

6. Comparing the two cast irons, it is evident that the 27%Cr cast iron has superior 

erosion resistance compared to 37%Cr cast iron. In terms of corrosion though, the 

37%Cr cast iron outperforms in every corrosive environment (static and solid liquid 

impingement) with also smaller synergy effects. This is in line with industrial 

experience; that suggests the 27%Cr cast iron for neutral/less acidic environments 

and 37%Cr cast iron for field applications, where the pH is highly acidic (corrosion 

dominated conditions). 
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6.1 Introduction 
The Oil and Gas and Power sectors of Weir Group widely use cermet materials in both high 

velocity oxy fuel (HVOF) spray coatings and sintered forms. Nowadays, HVOF WC based 

coatings have replaced Stellite coatings for sea water injection pumps on Oil and Gas rigs, 

as they provide excellent abrasion resistance [6.1]. Sintered WC-based cermets are also 

employed in crude oil pumps, bearings and wear rings, in which the erosion-corrosion 

conditions are aggressive and HVOF coatings cannot be employed [6.1]. The Group has 

proposed to expand the applications of these types of cermets to enhance the life 

expectancy of Weir products. To achieve this target, though, extensive research is required 

to unravel the various micro-mechanisms that occur during erosion, corrosion and erosion-

corrosion by assessing both the manufacturing process and the effect of the binder type 

and composition. 

Two high velocity oxy fuel coatings (HVOF) WC-12Co and WC-10Ni, their substrate 

UNS S31600 and two sintered WC based cermets (WC-11Co & WC-6Ni) were utilised in this 

study. The technique, described in Chapter 4, enabled the assessment of the mechanical 

damage, the electrochemical response and the synergistical effects of these five materials. 

This study aims to understand the effect of the metallic binder on the erosion-corrosion 

behaviour of a spray coating under impingement. In addition to that, cermets in sintered 

form with similar composition have also been investigated to identify the impact of the 

manufacturing process on the performance of these cermets. 

6.2 Literature Review of the cermet materials 

6.2.1 Comparison of HVOF cermet coatings with sintered cermets 
The high-velocity oxygen-fuel (HVOF) thermal spraying process comprises a combustion 

chamber in which a mixture of fuel (e.g. propylene, hydrogen or kerosene) and material 

powder are burned with oxygen and passed through a nozzle in a molten or semi-molten 

state at supersonic velocities. The HVOF process is characterised by its high flame velocity, 

up to 2000 m/s, which results in the formation of spray particle stream with relatively high 

velocity of the particles (400–800 m/s) [6.2]. The advantage of the HVOF process over 

conventional thermal spraying processes is the relatively low temperature (1600-2200oC) 

that reduce the possibility of decomposition or oxidation of the carbide particles compared 
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with other thermal spraying processes, such as plasma spraying [6.3]. The materials 

deposited in HVOF deposition can be metallic, polymeric, and cermets. The WC-based 

cermet powders are commonly employed on account of their good wear and corrosion 

resistance depending on their metallic binder. 

An alternative manufacturing process that is followed to engineer the WC based 

cermets is vacuum sintering, where a treated powder of WC and metallic binder is heated 

at 1350-1500oC with 60 bar Argon pressure to ensure a low porosity level after the 

densification of the liquid phase [6.4]. A small portion of other types of carbides (i.e. Cr3C2 

and VC) may also be employed to prevent any grain growth during sintering. During 

sintering, substantial amounts of WC dissolve in the metallic binder and precipitate during 

cooling, mainly along the periphery of existing WC grains and as finely dispersed particles in 

the binder which results in a strong bond between the carbide and the metallic binder [6.5]. 

Hardly any comparative studies of the wear resistance of the sintered and 

thermally sprayed cermets appear to have been carried out in the past. A sintered form of 

WC-12Co was compared with a HVOF sprayed coating of the same composition by Clark et 

al [6.6]. Their Corriolis results showed that the sintered WC-12Co performed better than 

the HVOF sprayed WC-12Co in fresh water slurry of 10wt% alumina concentration. On the 

other hand, the slurry impingement tests with fresh water and 9.1wt% alumina showed 

opposite attributes as the coating exhibited better erosion resistance in contrast to the 

sintered form at both 90o and 20o impingement angle. 

Wayne and Sampath [6.7], also compared the abrasion and erosion resistance of 

sintered and thermally sprayed coatings (WC-12Co and WC-17Co) under air/sand jet 

impingement conditions. According to their findings, the sintered cermets showed two 

times better resistance than that of the HVOF cermet coatings of the same composition 

mainly due to the non-uniform fracture toughness of the HVOF coatings. 

Two studies have compared sintered WC-based cermets and a coating produced by 

the detonation gun (D-Gun) process. The latter is another high-velocity thermal spray 

method, but employs a repetitive “splat-plug” induced detonation process to impact energy 

to the coating powder. Wood et al [6.8], studied the erosion resistance of sintered WC-

7.2Ni-6.2Co-1.6Cr and D-gun sprayed 86WC-10Co-4Cr by using an erosion rig with fresh 

water and abrasive sand of 2.1wt% concentration at normal incidence. Their testing 
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programme comprised low energy impacts and high energy impacts by using 60μm size 

sand with 18m/s velocity (LEI) and 235μm size sand with 28m/s (HEI), respectively, with the 

aim of finding a relationship between the erosion rate and the kinetic energy of the 

particles. The sprayed and sintered forms of cermets showed similar erosion rates under 

low energy impacts but the sintered cermet outperformed, by four times, the sprayed 

material under high energy impacts. 

An abrasion study by Thakare et al [6.5], showed that the wet abrasion behaviour 

of the WC-5.7Co-0.3Cr sintered cermet and WC-10Co-4Cr D-gun sprayed coating showed 

the superiority of the sintered cermet compared to the D-gun coating in a modified ASTM 

G65 wheel abrasion tester with alkaline fluid feed (pH 11) and SiC particles (4.5μm, 17μm 

and 180μm). In more detail, the sintered cermet exhibited 100 times better abrasion 

resistance than the D-Gun coating when small particles were used, but this relative 

performance was decreased substantially (10 times better) in abrasive conditions where 

180μm abrasives were involved. 

It is concluded that insufficient work has been reported to facilitate general 

comparisons of the wear behaviour of the two forms of cermets. Moreover, these appears 

to have no effort to investigate the influence of corrosion (via tests in saline water) on the 

erosion/abrasion process. 

6.2.2 Potential defects in HVOF cermet coatings in comparison with 

the sintered form cermets. 
The wear resistance of sprayed cermets is likely to be affected by the defects associated 

with the spray coatings process. These flaws are described below: 

6.2.2.1 Decarburisation 

This phenomenon causes embrittlement of the matrix through dissolution of the WC, which 

leads to formation of mixed compounds of type MxWxCz and decomposition of the WC to 

secondary phases, brittle W2C, and metallic W [6.9]. Magnani et al [6.10], have suggested 

that the secondary phases occur by the decarburisation reactions below: 

22WC W C C→ +  

2 2W C W C→ +  
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22 2C O CO+ →  

And  

22 2 2WC O W CO+ → +  

2 24 2 2WC O W C CO+ → +  

These decarbusation products can be observed in X-Ray diffraction scans, where an 

increase in the intensity of the background spectra at 2θ between 35 and 45o is observed, 

and this particular region is often called the amorphous nano-crystallisation region because 

the amorphous mixed compounds of type MxWxCz are detected within this region [6.10]. 

Wood et al [6.8], reported that decarburisation would steer changes in the coating 

microstructure and as a result it would not correspond to that of the nominal composition 

of the powder. Marple et al [6.11], have also demonstrated the importance of the spraying 

conditions by assessing three different HVOF gun fuel combinations and their effect on the 

extent of decarburisation process. Tu et al [6.12], reported that the vacuum plasma spray 

process of WC-17%Co coating was more efficient in terms of wear and impact resistance 

than are air plasma coatings. This performance feature was associated with the presence of 

the secondary phases (W2C and W) that were provoked by the reaction of the powder with 

the oxygen during air plasma spraying.  

The vacuum sintered products are less likely to exhibit decomposition products in 

their microstructure [6.4,6.8]. This is a potential advantage of the sintered cermets against 

the HVOF sprayed coatings.  

6.2.2.2 Microporosity and coating cracking 

The porosity of the HVOF sprayed coating is usually lower than 2% according to the 

majority of HVOF spray suppliers. Cho et al, have measured the porosity levels of four 

different coatings (WC-Co, WC-Co-Cr, WC-CrC-Ni, WC-Ni) with almost similar spraying 

conditions and they found that the porosity does not exceed 1.2% [6.13]. The spray 

conditions should be carefully considered to ensure good quality coating, otherwise, the 

porosity can reach higher values (about 6%) that may also interconnect [6.14–6.16] and 

microcracks [6.2] may also appear which would lead to corrosion attack of the substrate 

and hence accelerated erosion that would result on coating removal.  
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In the work produced by Marple et al [6.11], the particle temperature was found to 

affect the porosity level of the HVOF WC-12Co nano-structured coating. They discovered 

that the hydrogen and propylene fuel and low particle temperature (<1800oC) resulted in 3-

4% porosity of the WC-12Co coatings, which is higher than that obtained on the coatings 

sprayed at higher spray temperatures (> 1,900oC). The highest porosity level has been 

observed on the study of Perry et al [6.17], where the measured porosity of WC-CoCr 

coating was about 3-6% by image analysis.  

Mahdipoor et al [6.18], investigated the water droplet erosion behaviour of two 

WC based HVOF sprayed coatings with identical feedstock powder composition. Despite 

their same chemical composition, one HVOF coating exhibited two to three times better 

erosion resistance than the other. The main reason for this different behaviour of the two 

HVOF coatings was the imprecisely controlled spraying conditions that led to defects such 

as increased porosity and high decomposition of the WC grains during spraying. Mahdipoor 

et al work [6.18] shows the effect of spraying conditions on the microstructure of the 

coating and its performance characteristics. Figure 6.1, represents an extreme example of a 

poor quality HVOF cermet coating (WC-NiCrSiB). The macrocracks have been initiated due 

to the lack of spray process control. 

 

Figure 6.1 Post-test surface of the WC-NiCrSiB (38mm diameter) on a carbon steel 
substrate after erosion-corrosion impingement for 2h. 
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Such material flaws are likely to be less present after the vacuum sintering process 

as the manufacturing conditions are well controlled [6.4]. It has been demonstrated that 

the porosity levels of the sintered TiC base hard metals are around 0.1 to 0.2vol% 

[6.19,6.20]. The composition of the TiC based cermets is totally different than the WC 

based cermets but their manufacturing process is the same (i.e. vacuum sintering). The fact 

that researchers who focus on the sintered forms of cermets do not mention any porosity 

level may be an indicator of the low porosity. 

6.2.2.3 Anisotropic microstructure 

Thermal spray coatings also differ from sintered products in their microstructure, as it is 

anisotropic by the build-up of splats by the deposition of individual molten droplets during 

the thermal spray process [6.8]. Such effects will lead to anisotropic wear resistance and 

also crack growth behaviour. Vacuum sintering results in a good distribution of the material 

phases, and thus the sintered cermets exhibit no anisotropic behaviour. The critical effect 

of the anisotropic microstructure on the wear resistance of the HVOF coatings was evident 

in Wayne and Sampath work [6.7], where the HVOF WC-Co cermet coatings exhibited 

double abrasion and erosion rates than the sintered cermets of the same chemical 

composition due to their non-uniform fracture toughness. 

6.2.3 Effect of binder concentration 
The selection of the concentration of the metallic binder is important for both HVOF cermet 

coatings and sintered cermets. For this reason, this section will discuss further the binder 

characteristics and its effect on erosion, abrasion and mechanical properties of the 

cermets. The influence of corrosive action does not appear to have received any attention 

in terms of binder concentration. 

Pirso et al [6.21], studied the dry sliding abrasion performance of five sintered WC-

Co with different binder content (6%wt, 8%wt, 11%wt, 15%wt, 20%wt). The block-on-ring 

tests revealed that, the higher Co content of the WC based cermets, the higher the volume 

loss that occurred on the cermets. These performance characteristics were directly related 

with the hardness of the cermets, which was reduced as the metallic binder content was 

increased. The same dry abrasion apparatus was utilised by Antonov et al [6.22], to 

investigate the influence of the binder content along with the size of the WC grains on 

sintered WC-Co cermets. The medium (1.0μm-2.0μm) WC grain size with the lowest Co 
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binder content (6%wt) showed better abrasion performance than those with either small 

(0.2μm-1.0μm) or coarse (2.0μm-10.0μm) WC grains for all Co binder concentrations. This 

work added the factor of the WC grain size on the abrasion resistance of cermets which is in 

addition to the influence of the Co binder content.  

Similar performance trends were found in wet abrasion tests in the work of Gant 

and Gee [6.23], who evaluated the effect of binder concentration in a modified ASTM G65 

abrasion tester. The WC-Co cermets with the lowest binder concentration (<9.94wt%) 

exhibited superior performance against the higher binder content (>19.55wt%) WC-Co 

cermets. This feature was a result of the different wear mechanisms that governed the 

wear rate of these two groups of hardmetals. The wear rate of the low-cobalt cermets was 

dictated by simultaneous wear of the hard phase with the extrusion of the cobalt binder, 

whereas the deterioration of the high-cobalt cermet occurred by ploughing of the abrasive 

through the cobalt binder together with the fracture of the carbide grains. These results 

highlight the fact that the hardness and the WC inter-particle spacing are major parameters 

in determining the abrasion resistance. 

Kulu et al [6.24], have summarised the impact of the hard phase concentration on 

the abrasion resistance, hardness and fracture toughness of a material. Figure 6.2, 

demonstrates clearly that the harder phase content on a material will enhance its abrasive 

wear resistance and hardness but it will reduce substantially its fracture toughness.  

 

Figure 6.2 Effect of hard phase content on materials’ properties.[6.24] 
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In terms of dry erosion, Ninham and Levy [6.25], investigated the effect of the 

binder content (10%wt, 20%wt, 25%wt) on sintered WC-Co cermets in air blast 

impingement at 60m/s velocity with quartz abrasives at a range of impingement angles. 

They found that the higher the tungsten carbide volume fraction, the lower the erosion 

rates of the cermets. The WC-10Co cermet performed two times and three times better 

than the WC-20Co and WC-25Co cermet, respectively, at all impingement angles (30o, 60o, 

90o). The researchers suggested that the control of erosion behaviour is transferred from 

the binder to the carbide skeleton for cermets with 80% volume of carbides, as on WC-

10Co, and this was the main reason for the better erosion resistance.  

Comparable outcomes were observed in the study of Reshetnyak and Kuybarsepp 

[6.19], where the dry erosive wear resistance of WC-10Co was greater than that of the WC-

20Co and, whilst this appears to correlate with the higher hardness of the former coating, 

the authors were of the view that such a simple correlation between wear resistance and 

hardness is inappropriate. They considered that other mechanical properties; such as 

transverse rupture strength, compressive strength, proof stress and ultimate plastic strain 

of the cermet may play a role in determining the erosive behaviour of the cermets. 

It is evident that the remarkable erosion and abrasion performance of the WC-

based cermet with low binder concentration is not attributed to a single parameter. 

Hardness plays a key role on the abrasion resistance of the cermet but also the grain size of 

the WC along with the inter-carbide spacing are also important factors. Additional 

mechanical properties, may also determine the behaviour of cermets under erosive wear. 

6.2.4 Influence of binder type 
The metallic binder is likely to influence the erosion/abrasion resistance and also the 

corrosion behaviour of the cermets. The metallic binder can be either cobalt or nickel or 

compounds (i.e. CoCr, NiCrSiB). Since the focus of this thesis is on the pure cobalt and nickel 

binders, their compounds will not be reviewed in the sections below. 

A sintered WC-12Co and WC-10Ni in both Corriolis tests and slurry jet impingement 

were evaluated by Clark et al [6.6]. The Corriolis tests showed that the sintered WC-12Co 

exhibited two times better wear resistance than the sintered WC-10Ni under fresh water 

slurry with 10wt% alumina sand concentration. The slurry jet impingement tests with fresh 

water slurry and alumina sand at 90o and 20o impingement angles showed different trends 
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on the relative erosion resistance of these two cermets, as the sintered WC-10Ni cermet 

showed greater erosion resistance than the WC-12Co type at both angles, with more 

prominent improvement of the WC-10Ni resistance at 20o angle.  

Engqvist et al [6.26], evaluated the tribological properties of sintered cermets WC-

6Co and WC-6Ni under abrasion conditions, using the crater grinding test with silica (15μm) 

and diamond (6μm) abrasives, and also under sliding wear by utilising ball-on-disc wheel 

tests with alumina balls in air, water and acidic water (pH=0.5). The abrasion tests showed 

that the wear rate of the two sintered cermets were similar under all abrasion conditions. 

In the ball-on-disc tests the cermets with cobalt binder suffered less attack that of the Ni 

binder in dry sliding and wet grinding conditions. However, in acidic lubrication conditions, 

the WC-6Ni cermet was superior to the WC-6Co material. 

Wetzel and Allen [6.27], investigated the effect of impact angle on erosion-

corrosion resistance of WC-6Co and WC-6Ni sintered cermets under free jet tests with fresh 

water and 7%wt silica sand of 500μm size at 6.5m/s. The erosion-corrosion rate of the WC-

6Co hardmetal was steadily lower than the WC-6Ni at all impingement angles (45o, 60o, 75o, 

90o). According to the authors, the higher hardness of the cobalt promoted the erosion-

corrosion resistance of the WC-6Co against the WC-6Ni.  

The same researchers [6.28] also examined also the effects of the binder type and 

content on the slurry erosion-corrosion performance of WC-based hardmetals under saline 

water solutions (SWS) and tap water solutions (TWS) with 6.3wt% silica sand concentration 

of 500μm size, 7m/s flow velocity at 75o impingement angle. They focused on an 

impingement angle of 75o, since the maximum damage of the cermets had been observed 

at this angle in their previous study [6.27]. Both WC-10Co and WC-6Co performed better 

than the WC-6Ni cermet under saline and tap water aqueous slurries. The slurry tests on 

the isolated metallic phase in tap water showed no distinct difference between the pure 

metallic samples (i.e. Co and Ni), but in saline slurries the Ni binder showed its superiority. 

The slurry tests on the metallic samples highlighted that when corrosion is predominant, 

there is no simple relationship of the slurry erosion resistance of hardmetals with hardness.  

The static corrosion resistance of two HVOF WC based cermet coatings (WC-17Co & 

WC-17Ni) in a saline solution (3wt% of NaCl) was investigated by the work produced by Aw 

et al [6.29]. The WC-17Ni coating exhibited better corrosion resistance than the coating 
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with Co binder in all the electrochemical techniques (Open circuit potential, Impedance 

measurements and potentiodynamic scans). Their results underline the significance of the 

corrosion properties of the binder when the WC based coatings are exposed to saline 

aqueous solutions. 

Cho et al [6.13], assessed the corrosion behaviour of two HVOF coatings (WC-10Ni 

and WC-12Co) in a strong acidic aerated environment with 5wt%H2SO4. The corrosion 

current density of the WC-10Ni coating was about 10 times smaller than the WC-12Co 

under the both testing conditions. Some evidence of micro-galvanic corrosion was also 

observed between WC particles and the metallic binder, which enhanced the overall 

corrosion of the binder.  

6.2.5 Comparison of cermets with metallic alloys 
Comparative studies between cermets and other types of alloys have been completed over 

the past years with the aim of estimating the relative resistance to erosion and/or corrosion 

of the cermets and also to demonstrate the effectiveness of the HVOF spray coatings 

against the substrate. 

In the recent publication of Kamdi et al [6.30], the abrasion resistance of a HVOF 

sprayed coating WC-17Co was assessed on a block-on-ball apparatus, which is a micro-scale 

abrasion tester with abrasive slurry dripping on the rotating ball with either 17.2%wt 

alumina or 30%wt silica of similar size (2-10μm). A mild steel was used as a reference and 

the tests shown that the coating performed about 8 and 125 times better than the mild 

steel with alumina slurries and silica slurries, respectively. Their work involved also a dry 

sand rotating wheel (DSRW), where the alumina size was between 212μm to 300μm and 

the silica sand size was in a range of 180μm -250μm, and it demonstrated similar attributes 

to the block on ball tests. In more detail, the DSRW results showed that the HVOF coating 

outperformed the mild steel by a factor of 38 times with alumina and 9 times with silica 

sand slurry, respectively. 

A dry abrasion study on a WC-12Co HVOF sprayed coating with different HVOF 

spraying parameters compared with their substrate (UNS A97050 alluminium alloy) on a 

rubber wheel tester equipment was performed Magnani et al [6.10]. The abrasive wear 

rates of the WC-12Co HVOF sprayed coatings were consistently nine times lower than the 
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aluminium substrate, highlighting the excellent protection of the coating over the 

substrate. 

Gant and Gee [6.23], investigated the fresh water wet abrasion resistance of five 

different sintered WC cermets with various concentrations of Co binder (6%wt, 9.4%wt, 

9.5%wt, 20%wt, 24%wt) manufactured by three different suppliers. They focused on the 

effect of load, wheel speed and total sliding distance of a modified rubber rimmed steel 

wheel on wet abrasion of cermets and three high-speed steels. The sintered cermets with 

lower than 9.5%wt Co binder concentration were superior compared to the other 

comparative materials in all wet abrasion conditions. The performance of cermets 

compared with the high speed steels was variable depending on the abrasive conditions.  

Karimi et al [6.9], evaluated two HVOF cermet coatings (i.e. WC-12Co and WC-12Ni) 

in a fresh water slurry erosion tester, that simulates low angle of impingement, with varying 

flow velocity from 20m/s to 145m/s and 0.3%wt silica sand concentration of 120μm 

average size. They found that the relative wear resistance of WC-12Co coating was six times 

higher than the UNS K91470 stainless steel under low flowing conditions (20m/s) and 78 

times higher at flowing velocity of 145m/s. For the WC-12Ni sprayed coating, the relative 

wear resistances were three times better than the UNS K91470 stainless steel at 20m/s ad 

59 times at 145m/s velocity. 

Two HVOF sprayed coatings (WC-12Co and WC-10Ni) were studied in terms of their 

dry and fresh water slurry erosion behaviour under free-jet conditions at two angles of 

impingement (90o and 20o) by Hawthorne et al [6.31]. The dry erosion tests with 50μm 

alumina sand showed similar erosion rates between the two sprayed coatings and the UNS 

S31600 stainless steel at 90o, but the coatings exhibited two times better erosion resistance 

at 20o. The slurry erosion tests with 35μm and 200μm alumina sand demonstrated the 

superiority of the two sprayed coatings in comparison with the UNS S31600 stainless steel 

at both angles of attack. 

Feng and Ball [6.32], reported that WC-7Co hardmetal performed better than UNS 

S30400 under air-blast erosion of 45m/s velocity and 180μm -250μm size silica sand at all 

impingement angles (i.e. 30o, 60o and 90o). When silicon carbides with 180μm -250μm 

average size were utilised, the UNS S30400 exhibited better behaviour than WC-7%Co at 

impingement angles below 40o but was inferior at higher angles of impingement. 
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The static corrosion and erosion-corrosion mechanisms of a thermal spray 

Detonation Gun WC-10Co-4Cr coating and two stainless steels (UNS S31603 and UNS 

S32760) were assessed by Souza and Neville [6.33]. The static corrosion tests demonstrated 

that the corrosion current density of the superduplex stainless steel was lower than that of 

the austenitic stainless steel and the coating with the coating exhibiting a rapid increase of 

current density during the first 150 mV potential scan above Ecorr that indicated its lack of 

passivity. The total volume losses of the WC-Co-Cr coating, after the solid/liquid 

impingements (3.5%NaCl, 17m/s, 180μm-250μm size silica sand, 18oC), were half of these 

of the two stainless steels at both solid loadings (200mg/l and 500mg/l) showing the 

excellent erosion-corrosion resistance of the coating. 

Hodgkiess et al [6.34], evaluated the erosion-corrosion of an HVOF WC-Ni-Cr-Si-C 

coating and  an austenitic stainless steel (UNS S31603) under solid/liquid and solid-free 

liquid impingements of 17m/s flow velocity. The solid-free liquid impingement 

demonstrated the lower erosion-corrosion resistance of the HVOF coating compared to the 

austenitic stainless steel. When cathodic protection was applied, the weight losses of these 

two materials were comparable due to the high corrosion related component of the attack 

on the HVOF coating. With the introduction of 800ppm silica sand, of mean size of 180μm-

250μm, at 18oC -20oC, the relative performances of the two materials changed as the 

coating exhibited only about 50% of the weight loss of the stainless steel. The superior 

erosion-corrosion behaviour of the coating was associated with the great erosion resistance 

of the hard coating. 

Bjordal et al [6.35], assessed the performance of a HVOF WC-17Co coating and a 

duplex stainless steel (UNS S31803) under erosion-corrosion conditions in a rotating disk 

apparatus. This circulated a slurry comprised of synthetic sea water and 0.25%wt silica sand 

of 200μm size at pH 8.2 with 20 ± 3oC temperature and flow velocities of 14m/s to 29m/s. 

At all flowing velocities the corrosion current density of the coating was 0.1 mA/cm2, 

whereas the corrosion current density of the duplex stainless steel was increased from 

0.0002 to 0.01 mA/cm2 as the flow velocity increased from 14m/s to 29m/s. In terms of 

total volume losses of the coating due to erosion-corrosion, the coating exhibited greater 

resistance than that of the duplex stainless steel. The UNS SS31803 stainless steel had 

erosion dominated damage in comparison with the WC-17Co coating in which the sum of 

corrosion and synergy contributions were substantial (more than 50%). 
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6.3 Experimental work objectives 
As it is evident, from the above literature review, that there have been only limited 

research investigations that compare the erosion-corrosion performance of vacuum 

sintered WC based cermets and HVOF sprayed coatings of similar composition. Hence, one 

major aim of research, described in this chapter, has been to investigate the influence of 

the manufacturing processes on erosion-corrosion of WC based cermets. The influence of 

the metallic binder was also assessed, since the somewhat inconclusive findings in relation 

to the Co and Ni binder, from previous studies (section 6.2.2) are likely to be associated 

with the detailed erosion-corrosion mechanisms in different experimental investigations. 

Thus, it is considered that the erosion-corrosion assessment techniques, utilised in this 

project, would enable more affirmative understanding to be reached on the influence of 

cobalt and nickel binders. The addition of the austenitic stainless steel substrate in this 

study enabled a measurement of the level of the erosion-corrosion protection provided by 

the WC-coatings. The application of the novel technique, described in Chapter 4, facilitated 

a quantification of the deterioration mechanisms taking place on the cermet under direct 

impingement erosion-corrosion and corrosion-abrasion and has contributed to an improved 

understanding of this rather complex phenomenon.  

6.4 Materials and Methodology 
Two HVOF sprayed coatings (WC-12Co & WC-10Ni) were purchased from a well-known 

commercial supplier. The thickness of both coatings was 500μm, as shown in Figure 6.3. 

The sintered WC cermets were also obtained from a major producer. They were 

manufactured by vacuum sintering at 1350 °C to 1500°C with a temperature up ramping in 

dependency of the size of the parts. A 60 bar Argon was utilised to decrease the level of 

porosity to 0.02% of the total material volume with the pore size lower than 10μm after the 

full densification. The vanadium carbides and the chromium carbides in the sintered WC-

11Co and WC-6Ni, respectively, act as grain growth inhibitors during the sintering process.  
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Figure 6.3 Microscopic views of the two 500μm thick HVOF coatings; HVOF WC-12Co (left) 

and HVOF WC-10Ni (right). 

Table 6.1 illustrates the nominal chemical composition of the HVOF sprayed 

cermets and the sintered cermets. Stainless steel type UNS S31600 was employed as a 

reference material within this work and Table 6.2 below gives its nominal composition. The 

densities values, obtained by the suppliers, and the measured hardness values of each 

material are presented in Table 6.3. 

Table 6.1 Nominal chemical composition (wt%) of the HVOF sprayed and sintered cermets. 

Cermets WC Co Ni VC Cr3C2 

Sin WC-11Co 88.85 11  0.15  

Sin WC-6Ni 93.5  6  0.5 

HVOF WC-12Co 88 12    

HVOF WC-10Ni 90  10   

 

Table 6.2 Nominal chemical composition (wt%) of UNS S31600 

Material C Cr Ni Mo S Mn Si N P Fe 

UNS 
S31600 ≤0.08 16-18 10-14 2.0-

3.0 
≤ 

0.03 ≤2.0 ≤ 0.75 ≤ 
0.1 0.045 Bal. 
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Table 6.3 Nominal density and measured hardness values of the comparative materials. 

Material Density (g/cm3) Hardness (HV) 

Sin WC-11Co 14.40 1420±50 

Sin WC-6Ni 14.85 1605±50 

HVOF WC-12Co 14.82 965±50 

HVOF WC-10Ni 14.96 1061±50 

UNS S31600 8.00 200±20 

 

The erosion-corrosion experiments were carried out using the submerged jet 

impingement rig described in Section 3.3.1. The testing duration was 2h. The nozzle 

diameter was 4 mm. The slurry comprised an aqueous solution with 3.5% NaCl at 39±1oC 

and sand particles that were impinging at 17 m/s velocity perpendicular to the specimen 

surface. The angular silica sand particles possess hardness of about 1160HV.  The sand 

concentration was 200±20 mg/L. The 38mm diameter HVOF sprayed coated and sintered 

cermets’ specimens were diamond polished by the suppliers.  

In order to facilitate corrosion monitoring of the separate direct impinged and 

outer region, segmented specimens were manufactured, as described in section 3.3.3. 

Figure 6.4 illustrates the good adherence of the HVOF WC-12Co coating at the inner coupon 

of the segmented specimen. This indicates that the water jet cutting tool has not affected 

the quality of the coating during segmentation. Figure 6.5 shows the encapsulated 

segmented specimen of the WC-6Ni sintered cermet which includes also the travel line of 

the wire. 
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Figure 6.4 The inner HVOF WC-Co specimen after the segmentation from the outer 
specimen with a water jet cutting tool. 

 

Figure 6.5 The two segments of the WC-12Co sintered cermet coupon encapsulated in 
epoxy resin.  
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6.5 Results 

6.5.1 Material characterisation 

6.5.1.1 Microstructure of the cermets 

Figures 6.6 and 6.7 show the cross sections of the sintered WC-11Co and WC-6Ni, 

respectively. It is evident that the WC-11Co cermet exhibit higher binder content than the 

WC-6Ni cermet, as Figure 6.7 shows a structure that is rich in WC grains with minimum 

amount of binder. Figures 6.8 and 6.9 illustrate the microstructure of the HVOF WC-12Co 

and HVOF WC-10Ni coatings, respectively through their cross sections. The HVOF WC-12Co 

coating seems to be porous but this feature may be attributed to the preparation process 

of the cross section. It should be stated, though, that the WC grains and the binder are 

uniformly distributed. The size of the WC grains is between 1.5μm to 6μm.  

 

Figure 6.6 Microstructure of the WC-11Co sintered cermet. 
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Figure 6.7 Microstructure of the WC-6Ni sintered cermet. 

 

Figure 6.8 Microstructure of the HVOF sprayed WC-12Co. 
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Figure 6.9 Microstructure of the HVOF sprayed WC-10Ni. 

6.5.1.2 Wavelength-dispersive X-ray spectroscopy (WDS) 

The WDS analysis was utilised, as described in Section 3.2.4.1, to confirm the concentration 

of the metallic binder in the studied cermets. Table 6.4 shows the Co and Ni binder content, 

as an average of three replicates, for both sintered cermets and HVOF cermet coatings. It is 

evident that the Co and Ni contents of the sintered cermets are in agreement with the 

supplier’s specifications. However, the metallic binder content of the HVOF coatings is 

slightly higher than the specifications of the spray supplier. This difference is not significant 

but it should be stated that the measured values of the metallic binders have been 

considered for the electrochemical monitoring calculations later in this chapter. 

Table 6.4 Average metallic binder content (wt%) of the cermets via WDS analysis 

Material Co Ni 

Sin WC-11Co 11.0  

Sin WC-6Ni  6.5 

HVOF WC-12Co 13.5  

HVOF WC-11Ni  13.0 
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6.5.1.3 XRD analysis of the cermets 

The XRD analysis was performed, as described in Section 3.2.4.2, to determine the different 

ceramic and metallic phases. Overall, the cermets were identical with the provided 

specifications of the suppliers. Figure 6.10 and 6.11 shows the XRD scans of the two Co 

binder cermets and the two Ni binder cermets, respectively. An interesting feature in 

relation to the sprayed cermets and the sintered cermets was observed between 2θ angles 

of 37o and 46o, where the presence of the W2C is evident on the HVOF spayed coating. 

According to Bartuli et al [6.36], the extent of decarburisation in deposited coatings can be 

quantified by the index of carbide retention, which is a factor that is calculated through the 

relative intensities of the most intense peak of the main phases, as shown in Equation 6.1. 

( )2

.
WC

ret W
WC W C W

II
I I I

=
+ +

                            Equation 6.1 

Where IWC is the intensity of the WC peak at 2θ = 35.7°; 

IW2C  is the intensity of the W2C peak at 2θ = 39.8°, and  

IW is the intensity of the W peak at 2θ = 40.5°. 

The index is 0.79 and 0.81 for the HVOF sprayed WC-12Co and HVOF sprayed WC-

10Ni. Bartulli [6.36] suggests that a typical index of carbide retention of HVOF sprayed WC 

base coatings is declared to be about 0.85. Thus, the WC grains of the HVOF WC-10NI had 

more tendency to dissolve into the matrix compared to the HVOF WC-12Co. The 

decarburisation results in a loss of the hard phase and embrittlement of the ductile binder, 

which are unfavourable properties for erosion-corrosion resistance.  

On the other hand, it should be mentioned that no apparent decarburisation on a 

coating would indicate insufficient particle heating, resulting in defective coatings with low 

inter-lamellar cohesion [6.37]. It is evident that the sintered cermets lack any 

decarburisation products. This feature would potentially become an advantage of the 

cermets compared with the HVOF coatings under erosion-corrosion conditions. 
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Figure 6.10 XRD patterns of the HVOF sprayed WC-12Co coating and the WC-11Co sintered 
cermet. 

 

Figure 6.11 XRD patterns of the HVOF sprayed WC-10Ni coating and the WC-6Ni sintered 
cermet. 

6.5.2 Volume loss measurements 
Figure 6.12 shows the volume losses of the tested materials under free erosion-corrosion 

conditions and also application of cathodic protection. These were converted from the 

measured mass losses (Table 6.5) with the use of the nominal density values in Table 6.3. 

The error bars represent the scatter of the three replicates. Similar volume losses in free 

erosion-corrosion and cathodic protection conditions were observed for the UNS S31600 

and the sintered WC-6Ni. This indicates that erosion domination has taken place for these 
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two materials. On the other hand, the sintered WC- 11Co along with the two HVOF sprayed 

coatings showed a substantial difference in volume loss when cathodic protection was 

applied. This feature suggests that these three materials suffer from an extensive corrosion-

related attack. 

Table 6.5 Average mass loss of the stainless steels and cast irons in free erosion corrosion 
and with cathodic protection. 

Material 
Average Mass loss (mg) 

Free erosion-corrosion Cathodic protection 

UNS S31600 9.0 9.2 

Sin WC-11Co 16.7 2.1 

Sin WC-6Ni 2.6 2.3 

HVOF WC-12Co 27.6 2.8 

HVOF WC-10Ni 14.0 5.0 

 

 

Figure 6.12 Volume losses of the five tested materials under solid/liquid impingement in 
free erosion-corrosion and cathodic protection conditions. 
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6.5.3 Electrochemical monitoring 
Table 6.6 illustrates the surface area of the metallic binders according to the volume 

fraction of the binder on each cermet. The surface areas used to calculate the polarisation 

resistances (Table 6.7) and the current densities of the studied materials (Table 6.8) in the 

following sections were considered as the volume concentration of the metallic binder, as 

the corrosion resistance of the thermal spray coatings, and the sintered hard metals, is 

determined by the corrosion behaviour of the metallic binder [6.15,6.33]. Monticelli et al 

[6.15] and Bjordal et al [6.35], have also applied this electrochemical monitoring 

methodology in their studies on coatings.  

Table 6.6 Surface area of the metallic binder on the material specimen and the two 
segments. 

Material 
Surface area of the metallic binder (cm2) 

Full specimen Direct impingement zone Outer area 

UNS S31600 11.34 0.200 11.00 

Sintered WC-11Co 2.02 0.036 1.96 

Sintered WC-6Ni 1.15 0.020 1.11 

HVOF WC-12Co 2.47 0.044 2.40 

HVOF WC-10Ni 2.34 0.041 2.27 

 

6.4.3.1 Linear polarisation scans 

Figures 6.13 – 6.17 display the linear polarisation scans on the direct impinged zone (DIZ) of 

each segmented specimen. Figure 6.13 and Figure 6.15 show high current fluctuations that 

are related to the high concentration of solids that trigger great de-passivation of the 

passive surface film of the UNS S31600 and WC-6Ni sintered cermet in the direct impinged 

zone. The re-passivation rates of the WC-6Ni sintered cermet though, are greater compared 

to that of the stainless steel. Figures 6.14, 6.16 and 6.17 demonstrate a clearly lower 

tendency, of the two sprayed coatings and the sintered WC-11Co, to form any passive film. 

There is a common characteristic between these linear polarisation figures, as the 5mins 

scan is displaced from these of the other time-interval scans. This implies that the electrode 

potential is not stabilised within the first 5mins of the scan. In contrast, the scans at times 

of 30mins and later were similar for each tested material. Hence, the corrosion rates are 

considered to be constant during the 2 h of the impingement tests. 
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Figure 6.13 Linear polarisation scans on the direct impinged zone of the UNS S31600 in 
solid/liquid impingement. 

 

Figure 6.14 Linear polarisation scans on the direct impinged zone of the sin WC-11Co in 
solid/liquid impingement. 

 

Figure 6.15 Linear polarisation scans on the direct impinged zone of the sin WC-6Ni in 
solid/liquid impingement. 
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Figure 6.16 Linear polarisation scans on the direct impinged zone of the HVOF sprayed WC-
12Co in solid/liquid impingement. 

 

Figure 6.17 Linear polarisation scans on the direct impinged zone of the HVOF sprayed WC-
10Ni in solid/liquid impingement. 

Figure 6.18 – 6.22 illustrate the linear polarisation scans in the outer area (OA) of 

the specimen. The polarisation resistance is higher, which indicates a lower corrosion rate, 

due to the lower severity of the slurry in this region compared with the direct impinged 

zone. The fluctuations in the currents are evidence of attempts of the UNS S31600 and 

sintered WC-6Ni cermet to form passive films. On the other hand, the two HVOF sprayed 

coatings and the sintered WC-11Co appear to maintain active behaviour also in the outer 

zone. 
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Figure 6.18 Linear polarisation scans on the outer area zone of the UNS S31600 in 
solid/liquid impingement. 

 

Figure 6.19 Linear polarisation scans on the outer area of the WC-11Co sintered in 
solid/liquid impingement. 

 

Figure 6.20 Linear polarisation scans on the outer area of the WC-6Ni in solid/liquid 
impingement. 
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Figure 6.21 Linear polarisation scans on outer area of the HVOF sprayed WC-12Co in 
solid/liquid impingement. 

 

Figure 6.22 Linear polarisation scans on the outer area of the HVOF sprayed WC-10Ni in 
solid/liquid impingement. 
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Table 6.7 Polarisation resistances according to the surface areas of the segments of the 

comparative materials. 

Material 
Polarisation Resistance Rp (Ω*cm2) 

Direct Impinged Zone Outer Area 

UNS S31600 101 5500 
Sin WC-11Co 12 52 
Sin WC-6Ni 98 798 

HVOF WC-12Co 29 45 
HVOF WC-10Ni 32 68 

6.5.3.2 Potentiodynamic scans 

Figures 6.23 – 6.27 illustrate the anodic polarisation of each comparative material on the 

direct impinged zone and on the outer area, considering the surface areas illustrated in 

Table 6.6. The normalised potential represents the electrode potential of at least 25mV 

more negative to Ecorr and it has been utilised for a more effective comparison, since the 

Ecorr values are different between the two specimen regions.  

The current density fluctuations on UNS S31600 and WC-6Ni follow the same trend 

as shown at the linear polarisations scans in both regions. Conversely, the two sprayed 

coatings and the sintered WC-11Co sintered cermet corrode actively in both regions with 

limited evidence of current density fluctuation. A notable feature is the very similar plots in 

the two zones of the two HVOF coatings.  
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Figure 6.23 Anodic polarisation scans on both segments of UNS S31600 in solid/liquid 
impingement. 

 

Figure 6.24 Anodic polarisation scans on both segments of WC-11Co sintered cermet in 
solid/liquid impingement.  
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Figure 6.25 Anodic polarisation scans on both segments of the WC-6Ni sintered cermet in 
solid/liquid impingement. 

 

Figure 6.26 Anodic polarisation scans on both segments of HVOF sprayed WC-12Co in 
solid/liquid impingement. 
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Figure 6.27 Anodic polarisation scans on both segments of HVOF sprayed WC-10Ni in 
solid/liquid impingement. 
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along with the mass loss due to corrosion for the full specimen of each comparative 

material. 

Table 6.8 Ecorr values and corrosion rates on both areas of the segmented electrodes. 

Material 

Direct impingement area Outer area 

Ecorr 
(mV) 

Corrosion 
Current 
density 

(mA/cm2) 

Mass loss 
due to 

corrosion 
(mg) 

Ecorr 
(mV) 

Corrosion 
Current 
density 

(mA/cm2) 

Mass loss 
due to 

corrosion 
(mg) 

UNS S31600 -546 0.3 0.12 -374 0.002 0.04 

Sin WC-11Co -471 4.9 0.4 -413 0.397 1.72 

Sin WC-6Ni -384 0.3 0.01 -139 0.003 0.01 

HVOF WC-12Co -482 1.4 0.13 -423 0.621 3.30 

HVOF WC-10Ni -409 0.7 0.07 -337 0.318 1.58 

 

 

Figure 6.28 Anodic polarisation scans on the full specimen of each comparative material in 
solid/liquid impingement. 
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Table 6.9 Ecorr values and corrosion rates of the full specimen of each material. 

Material Ecorr  (mV) Corrosion current density 
(mA/cm2) 

Mass loss due to 
corrosion (mg) 

UNS S31600 -464 0.01 0.24 

Sin WC-11Co -410 0.50 2.21 

Sin WC-6Ni -225 0.03 0.08 

HVOF WC-12Co -424 0.44 2.41 

HVOF WC-10Ni -344 0.40 2.05 

6.5.4 Post-test examination  

6.5.4.1 Visual examination 

Figures 6.29 – 6.33 show the surface of each tested material under free erosion-corrosion 

and cathodic protection conditions. It is evident that the UNS S31600, the sintered WC-6Ni 

and the HVOF WC-10Ni materials possessed superior corrosion resistance, as there are no 

signs of corrosion products. On the other hand, the sintered WC-11Co, as well as the 

sprayed WC-12Co, experienced extensive corrosion-related attack during free erosion-

corrosion, as their post-test surface was heavily degraded. Under cathodic protection 

conditions though, the diamond polishing marks are still apparent on their post-test surface 

adjacent to the wear scar. 

Figure 6.29 Surface of the UNS S31600 after 2h solid/liquid impingement a) under free 
erosion-corrosion conditions, b) cathodically protected. 
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Figure 6.30 Surface of the WC-12Co sintered after 2h solid/liquid impingement a) under 
free erosion-corrosion conditions, b) cathodically protected. 

Figure 6.31 Surface of the WC-6Ni sintered after 2h solid/liquid impingement a) under free 
erosion-corrosion conditions, b) cathodically protected. 

Figure 6.32 Surface of the HVOF sprayed WC-12Co after 2h solid/liquid impingement a) 
under free erosion-corrosion conditions, b) cathodically protected. 
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Figure 6.33 Surface of the HVOF sprayed WC-10Ni after 2h solid/liquid impingement a) 
under free erosion-corrosion conditions, b) cathodically protected. 

6.5.4.2 Scanning Electron Microscope (SEM) Imaging in cermets 

Figures 6.34 – 6.41 show SEM images of the direct impinged zone and the outer area with 

and without cathodic protection for the tested cermets. There is a common feature in the 

direct impinged zone as the WC grains experience cracking in all tested samples. This 

characteristic is likely to be associated with the size of the impinging particles, which is 100 

times higher than the WC grains, and their extremely high kinetic energy under the jet that 

exceeded the tensile strength of the carbides.  

Under free erosion-corrosion conditions, preferential corrosion of the binder was 

apparent, which resulted in the loss of the mechanical support on the carbides. Thereafter, 

the carbides were standing proud, being more susceptible to cracking and subsequent 

removal. Similar features were evident in the outer area, especially for the Co-binder 

cermets, but with less to negligible cracking of carbides. The sintered WC-6Ni was 

exempted of this attribute as it showed negligible corrosion related damage in both direct 

impinged zone and outer area. The application of the cathodic protection protected 

substantially the microstructure in both areas and more significant in the outer area, where 

the diamond polishing marks were still apparent after solid/liquid impingement. 
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Figure 6.34 SEM images of the post- test structure of sintered WC-11Co; direct impinged 
zone under free erosion corrosion (top) and with cathodic protection (bottom).  

176 
 



Chapter 6: Manufacturing process effect on the erosion-corrosion behaviour of cermets 

 

 

Figure 6.35 SEM images of the post- test structure of sintered WC-11Co; outer area under 
free erosion corrosion (top) and outer area with cathodic protection (bottom). 
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Figure 6.36 SEM images of the post- test structure of sintered WC-6Ni; direct impinged 
zone under free erosion corrosion (top) and with cathodic protection (bottom). 
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Figure 6.37 SEM images of the post- test structure of sintered WC-6Ni; outer area under 
free erosion corrosion (top) and outer area with cathodic protection (bottom). 
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Figure 6.38 SEM images of the post- test structure of HVOF WC-12Co; direct impinged zone 
under free erosion corrosion (top) and with cathodic protection (bottom). 
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Figure 6.39 SEM images of the post- test structure of HVOF WC-12Co; outer area under free 
erosion corrosion (top) and with cathodic protection (bottom). 
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Figure 6.40 SEM images of the post- test structure of HVOF WC-10Ni; A) direct impinged 
zone under free erosion corrosion (top) and with cathodic protection (bottom). 
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Figure 6.41 SEM images of the post- test structure of HVOF WC-10Ni; outer area under free 
erosion corrosion (top) and with cathodic protection (bottom). 
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6.5.4.3 Surface roughness 

Surface roughness measurements were undertaken to reveal the effect of erosion 

corrosion in different surface regions. The areas of interest are shown in Figure 6.42.  

 

Figure 6.42 Representation of the line roughness scans in the three different regions of the 
post-test outer area of the sintered WC-11Co cermet. (#1- Area adjacent to the wear scar, 

#2- Outermost area, #3- Near the edge) 

Figure 6.43 illustrates an effective way to investigate any difference in the surface 

morphology when erosion-corrosion or pure erosion is apparent. The UNS S31600 stainless 

steel was worn (roughened) adjacent to the wear scar and the outermost area in both free 

erosion-corrosion and cathodic protection conditions. The minor change in roughness 

values of the UNS S31600 in the near edge region was due to the fact that less abrasive 

particles would scratch the stainless steel surface as the kinetic energy becomes lower. The 

WC-11Co sintered cermet had substantially high surface roughness on the outermost area, 

as also shown in Figure 6.42. This is associated with the corrosion-related component 

because the cathodically protected specimens show similar roughness as that in the as-

received state. The HVOF WC-12Co coating experienced similar traits with the sintered WC-

11Co cermet, however, the area adjacent to the wear scar (i.e. Area #1) was also 

deteriorated by the corrosion-related component under free erosion-corrosion conditions. 

On the other hand, the Ni binder cermets displayed low discrepancies in roughness 

between the as-received state and the post-test surface. 
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Figure 6.43 Ra values at different areas of the tested coupons of each material. (#1- Area 
adjacent to the wear scar, #2- Outermost area, #3- Near the edge) 

6.5.4.4 Surface profile scans 

Surface profile scans were performed on the wear scar of each specimen to broaden the 

evaluation of the deterioration mechanisms occurring in the zone directly under the 

impinging jet. Figure 6.44 shows an example of the wear scar profile scans of the UNS 

S31600 stainless steel under free erosion-corrosion and cathodic protection. It is evident, 

that there is erosion domination on the wear scar of the stainless steel.  

Figure 6.45 shows the most interesting feature from the wear scar profile scans’ 

exercise as the application of cathodic protection on the sintered WC-11Co has reduced the 

wear scar depth by more than half  and has also decreased the diameter of the wear scar 

from almost 7mm to 4mm, which is in effect the diameter of the nozzle. This trait 

demonstrates that the deterioration of the area under the jet involves a substantial 

corrosion related component. Figure 6.46 illustrates the wear scar depths of the sintered 

WC-6Ni cermet that are not experiencing any change even with the application of the 

cathodic protection which indicates that erosion domination takes place inside the wear 

scar. Figures 6.47 and 6.48 are examples of the wear scar profile scans of the HVOF sprayed 

coatings under free erosion-corrosion conditions and pure erosion conditions. It is clear 

that there is some significant difference in the two wear scar depths which implies that the 

erosion is not the dominant degradation mechanism as corrosion and synergy possess high 
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proportion of the overall material degradation. The wear scar depth trends are tabulated in 

Figure 6.49. 

 

Figure 6.44 Surface profile scans of the wear scars of the UNS S31600 stainless steel under 
solid/liquid impingement in free erosion-corrosion and cathodic protection. 

 

Figure 6.45 Surface profile scans of the wear scars of the sintered WC-11Co cermet under 
solid/liquid impingement in free erosion-corrosion and cathodic protection. 
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Figure 6.46 Surface profile scans of the wear scars of the sintered WC-6Ni cermet under 
solid/liquid impingement in free erosion-corrosion and cathodic protection.  

 

 

Figure 6.47 Surface profile scans of the wear scars of the HVOF WC-12Co coating under 
solid/liquid impingement in free erosion-corrosion and cathodic protection. 
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Figure 6.48 Surface profile scans of the wear scars of the HVOF WC-10Ni coating under 
solid/liquid impingement in free erosion-corrosion and cathodic protection. 

 

Figure 6.49 Wear scar depths of the materials under solid/liquid impingement in free 
erosion-corrosion and cathodic protection. 
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6.5.4.5 Volumetric analysis of the wear scars 

Figure 6.50 is an illustrative example of the wear scar volume measurement. Figure 6.51, as 

expected, replicates the findings of the two-dimension measurements (Figure 6.49) as it 

demonstrates that the contribution of the corrosion related processes to the overall 

material damage inside the wear scar is significant for the sintered WC-1Co and the two 

HVOF coatings.  

 

Figure 6.50 Volumetric analysis on the direct impinged zone of the WC-11Co sintered 
cermet surface after 2 hours solid/liquid impingement with cathodic protection. 

 

Figure 6.51 Comparison of the average volume losses within the wear scar of the 
comparative materials with and without cathodic protection. 
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6.6 Discussion 

6.6.1 Total Volume loss (TVL) in free erosion corrosion (FEC) conditions 

According to Figure 6.12, there is a clear discrimination of the volume loss of the cermets 

with the Co binder and the Ni binder, as the latter performs better under solid/liquid 

impingement. The sintered form of the cermets exhibits superior behaviour compared to 

the HVOF coated cermets. This feature is probably associated with the inevitable defects in 

the HVOF sprayed coatings (i.e. porosity, anisotropy etc). The HVOF sprayed WC-12Co 

exhibits the poorest overall erosion-corrosion behaviour, even inferior to the austenitic 

stainless steel. The sintered WC-11Co and the austenitic stainless steel showed similar total 

volume losses, which are slightly higher than that of the HVOF sprayed WC-10Ni. The WC-

6Ni sintered cermet is superior to the other four tested materials. 

Discrimination of the total volume loss in DIZ and OA 

Figure 6.52 presents the overall volume losses and their separation into the losses 

occurred directly under the jet and the outer area. By taking into account the measured 

volume losses within the wear scar, the UNS S31600 has similar loss with the sprayed WC-

10Ni. The two WC-Co cermets showed comparable performance with each other. The 

sintered WC-6Ni cermet exhibited the greatest resistance within this region.  

The relative performance of the materials is considerably changed in the outer 

region. The WC-based cermets with the Co binder are no longer better than the austenitic 

stainless steel as in the direct impinged zone. In fact, they seem highly susceptible to 

corrosive abrasion, with the HVOF WC-12Co coating also exhibiting double the volume loss 

of the sintered WC-11Co cermet. The austenitic stainless steel possesses lower resistance 

than the Ni based WC cermets. The sintered WC-6Ni cermet maintains its excellent 

performance under the corrosive abrasion conditions. Figure 6.53 demonstrates how the 

overall erosion-corrosion volume loss is distributed into a number of deterioration 

mechanisms occurring under impingement. 
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Figure 6.52 Proportions of volume loss damage in the direct impingement zone and in the 
outer area of the comparative materials in free erosion-corrosion conditions. 

 

Figure 6.53 Discrimination of the different deterioration processes in volume loss terms of 
the comparative materials under solid/liquid impingement. 
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6.6.2 Total volume loss with cathodic protection (CP) 

All the cermet materials exhibit substantially greater resistance to mechanical deterioration 

mechanisms than does the austenitic stainless steel. The somewhat greater amounts of 

material loss experienced by the sprayed coatings as opposed to the sintered forms of the 

cermets may be linked slightly to the higher hardness of the former but is more likely to be 

with the coatings defects (6.2.2). Clark et al [6.6], have found opposite trends in their slurry 

jet impingement tests as the HVOF WC-12Co coating exhibited greater resistance than the 

sintered WC-12Co. However, their testing apparatus involved free-jet slurry impingement, 

and hence the hydrodynamics of the slurry are completely different from the submerged 

jet impingement employed in this study. 

The application of cathodic protection yields substantial benefits in reducing 

materials loss for three of the cermets but hardly changes the rate of attack for the 

austenitic stainless steel and the sintered WC-Ni. This feature demonstrates that the 

corrosion-related processed are of negligible effect on the overall behaviour of the stainless 

steel and the sintered WC-6Ni. This factor though, is set against the distinctly different 

resistance to pure mechanical erosion/abrasion mechanisms for these two materials. The 

extent of the reduced material loss obtained from the application of CP to other three 

cermets (see Table 6.10) leads to potential benefits in extending the good mechanical 

performance of especially WC-Co materials under erosion conditions. 

Table 6.10 Effect of cathodic protection on the volume loss of the tested materials. 

Material Volume reduction by CP 
application (%) 

UNS S31600 0 

Sin WC-11Co 87 

Sin WC-6Ni 9 

HVOF WC-12Co 90 

HVOF WC-10Ni 64 

 

6.6.3 Erosion damage on the direct impinged zone (DIZ) 

The microscopic examination revealed that the mechanical damage in the direct impinged 

zone involved selective erosion of the metallic binder followed by cracking of exposed 
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protruding WC grains. The relatively good performance of the WC-Co may be associated 

with a reportedly double micro-hardness of Co, compared to Ni binder [6.27]. However, this 

feature may have been counteracted in the case of the sintered WC-6Ni material by a lower 

binder content. The austenitic stainless steel, on the other hand, exhibited the poorest 

direct impingement erosion resistance of all tested materials. This feature may be an 

indication of the effect of hardness  on materials that possess extremely lower hardness 

than the impinging particles, which is five times higher than the target in this case [6.38]. 

6.6.4 Corrosion damage on the direct impinged zone (DIZ) 

It is clear, from Figure 6.53, that pure corrosion plays an extremely small direct role in the 

overall material loss in direct impinged zone. It is relevant to note that, in contrast with the 

stainless steel, the cermets have high concentration of noble tungsten carbides which 

would permit only the metallic binder to corrode. The Ni binder cermets showed their 

superiority in terms of corrosion resistance in comparison with the Co binder cermets. The 

greater static corrosion behaviour of the Ni binder than the Co binder was observed in 

previous studies [6.13,6.26,6.28,6.29]. The results in Table 6.8 demonstrate that the good 

corrosion resistance of the Ni binder can be maintained even in impingement conditions 

with the presence of solid particles. 

6.6.5 Synergy damage on the direct impinged zone (DIZ) 

Despite its extremely minor direct role, corrosion appears to initiate remarkable levels of 

synergistical mechanisms in enhancing erosion in some of the materials. Although, the WC-

6Ni sintered and the stainless steel showed negligible synergy in the direct impinged zone, 

the other three materials exhibited a relatively high synergy effect. This is likely to have 

been provoked by two mechanisms; micro-crevices due to the preferential corrosion of the 

metallic binder [6.34] and micro-galvanic phenomena that prevail at the interfaces between 

the WC grains and the metallic binder [6.2,6.13,6.34] that both enhance the mechanical 

removal of the WC grains. In these respects, though, it is unclear as to why synergy 

displayed by the sintered WC-6Ni is so small, unless the lower binder content is the cause.  

6.6.6 Sliding abrasion on the outer area (OA) 

The cermets showed substantially less sliding abrasion damage than does the stainless 

steel, which has at least five times lower hardness than the cermets. This comparative 

behaviour is in line with the generally-accepted view that harder materials possess greater 

193 
 



Chapter 6: Manufacturing process effect on the erosion-corrosion behaviour of cermets 

 
reistance to abrasion damage. The sprayed cermets exhibited almost half abrasion damage 

than the sintered cermets and this can be explained by their roughness values, which are 

higher than the sintered cermets by 0.2μm Ra. The surface texture obstructs the sand 

particles from penetrating the coating as much as they would for the sintered cermets 

where the contact area between the solid particle and the target surface is larger. The 

roughness effect has also been found also in the work of Bolleli et al [6.39], where the 

abrasion resistance of the as-sprayed HVOF WC-17Co coating on a ball-on-ring apparatus 

with 100Cr6 ball was higher than the diamond polished specimens.  

6.6.7 Corrosion on the outer area (OA) 

The sintered WC-6Ni and the stainless steel suffered negligible corrosion damage. The Co-

based cermets experienced higher corrosion rates than the Ni binder cermets. It is well 

known that the cobalt binder is more susceptible to corrosion than the Ni binder which 

explains the extensive damage of the Co based cermets [6.27–6.29]. The reason why the 

corrosion rates of the HVOF WC-12Co were higher than the sintered form of the WC-11Co 

is likely to be due to the microporosity of the HVOF WC-12Co, which could enhance 

corrosion by forming micro-crevices. 

6.6.8 Synergy on the outer area (OA) 

Perhaps the most remarkable aspect of the synergy damage on the outer area is that, as 

inspection of Figure 6.53 illustrates, for the WC-Co cermets, synergy represents a large 

proportion of their total volume losses. This feature highlights the advantages of the overall 

examination methodology adopted in this research in tunnelling into the various erosion-

corrosion mechanisms occurring when a stream of fluid impinges locally on the surface of a 

relatively large component. Whilst it is fairly obvious to conclude that the relatively poor 

overall performance of the WC-Co cermets is related to their vulnerability to corrosion of 

this material, such a simple correlation does mask the potential roles of other features: 

• The higher ratios of S: C for the WC-Co cermets as opposed to WC-Ni imply that 

rather different synergy deterioration mechanisms are occurring on WC-Co than on 

WC-Ni. This feature may be associated with the apparent mechanical removal of 

WC grains, which is more evident in WC-Co cermets, due to the lack of mechanical 

support (i.e. dissolution of the metallic binder) [6.18]. 
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• The substantially different values of S between the two forms of WC-Co cermets 

(despite their similar binder contents) suggests than the binder content is not as 

critical as the manufacturing process  for the degree of synergy damage. 

6.7 Conclusions  
1. Important distinctions between the cermet materials, in terms of their erosion-

corrosion characteristics, have been identified and quantified by the extended 

protocol developed in this research. For instance, the HVOF WC-12Co cermet 

coating exhibited the highest total volume loss in free erosion-corrosion conditions. 

However, its direct impingement erosion (mechanical) and sliding abrasion 

performance was comparable with the other two superior cermets (i.e. WC-6Ni and 

WC-11Co sintered cermets) which signifies the role of the corrosion and synergy on 

the coating’s degradation in both regions of the specimen. Further to that, the 

anodic polarisation scans at the two segmented regions (i.e. DIZ and OA) revealed 

that the material loss was dominated by synergy.  

2. The sintered WC-6Ni cermet exhibited by far superior overall erosion-corrosion 

performance of all the comparative materials in this study. 

3. The sintered cermets showed substantially greater erosion-corrosion resistance 

compared to the similar composition HVOF sprayed coatings. The effect of the 

spraying flaws was significant of the lower relative performance of the HVOF 

sprayed coatings.  

4. The Ni binder cermets were superior under erosion-corrosion conditions compared 

with the Co binder cermets of equivalent manufacturing process. This indicates the 

vulnerability of the Co binder to corrosion and synergy. However, in the absence of 

corrosion, the relative performance of the Ni and the Co binder has changed.  

5. The overall erosion-corrosion damage of the austenitic stainless steel was similar or 

even better than the Co based cermets. It was clear though, that this feature 

emanates from the poor resistance of the WC-Co cermets to corrosion related 

attack, since in terms of pure mechanical modes of damage, WC-Co cermets 

exhibited dramatically greater performance than the stainless steel. This suggests 

that the material selection process should be careful implemented as different 

erosion-corrosion conditions may result in unexpected results. 
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6.  The material hardness played an important role on the erosion resistance as all the 

cermets behaved better than the austenitic stainless steel. The proportional 

relationship between hardness and erosion was highlighted in sliding abrasion 

rather in direct impingement erosion. However, in erosion-corrosion environments, 

hardness does not play a significant role in the prediction of the material 

deterioration  

7. Due to the composite-like microstructure, the cermets exhibited high synergistical 

effects that contribute sometimes more than even pure erosion to the overall 

erosion-corrosion damage. An exception of this fact was the WC-6Ni, probably 

because of the low binder content/high WC content and inevitably low corrosion 

rate. The corrosion and synergy components should not be overlooked when the 

engineering component is exposed to any aqueous slurry. 
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7.1 Concluding remarks 

7.1.1 Evaluation technique 

A new quantitative technique has been developed to characterise the various material 

degradation processes that occur during impingement by combining the capabilities of the 

three dimensional surface topographical analysis with the common gravimetric analysis. 

This approach enables the discrimination of the direct impingement erosion from the 

sliding abrasion that occur simultaneously at the target material surface subjected to 

impingement. This feature comprises one of the key novelties of this thesis. Two examples 

of the importance of this approach to the assessment of jet impingement experiments are 

summarised below. 

 Figure 5.37: There is a substantial difference between the 27%Cr cast iron and the 

37%Cr cast iron indicated by the TVL measurements but this is not a result of 

mechanical damage in the DIZ but rather by substantially increased resistance to 

sliding abrasion of the 27%Cr cast iron. 

 Figures 6.52 and 6.53: The TVL measurement alone indicates that HVOF WC-12Co is 

by far the most-vulnerable of the materials tested but the extended assessment 

reveals that, in terms of erosion-corrosion resistance in the directly-impinged zone, 

this material exhibits relatively good performance but a vulnerability to corrosion-

assisted abrasion. 

7.1.2 Material degradation mechanisms 

In terms of the mechanical mechanisms, both direct impingement erosion and sliding 

abrasion were measured, with the latter property being unique as it had not been 

quantified before through the submerged impingement jet apparatus. A recurring finding 

from this work is that the behaviour under direct impingement erosion is not simply related 

to hardness. For instance, the austenitic stainless steel exhibited comparable volume losses 

with the hard cast irons and HVOF sprayed WC-10Ni. It is suggested that various mechanical 

properties determine the direct impingement erosion resistance; possibly hardness and 

elastic modulus and not a single factor. On the other hand, the sliding abrasion results 

indicated, in agreement with general opinion, that the higher the hardness, the better 

resistance of the material is observed. As a result, the hard cermets exhibited superior 

sliding abrasion compared with the other comparative materials. It should also be 
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recognised that, in erosion-corrosion conditions, the influence of the corrosion processes 

can override the mechanical damage that might be associated with hardness. 

Along with the mechanical deterioration processes, the electrochemical damage was also 

assessed on a full specimen and also on the two distinct hydrodynamic regions of the 

specimens; directly impinged zone and outer area, through segmentation of the specimen. 

The corrosion resistance in the directly impinged zone was lower than that of the outer 

area, and this feature was common for all the comparative materials. The austenitic based 

alloys and the WC-6Ni sintered cermet exhibited superior corrosion performance in 

comparison with the other materials in both the direct impingement zone and the outer 

area. It should also be noted that although corrosion was responsible for a small proportion 

of the total volume loss of the materials studied, the predicted thickness loss per year are 

significant, as shown in Table 7.1.  

Table 7.1 Thickness loss/year from pure corrosion for each comparative material 

Material Corrosion Current Density (μΑ/cm2) Thickness loss (μm/year) 

UNS G10400 350 3424 

UNS S31600 7 81 

UNS S31600 7 81 

UNS S42000 26 306 

27%Cr cast iron 35 410 

37%Cr cast iron 4 41 

UNS S31600 10 115 

Sin WC-11Co 500 5416 

Sin WC-6Ni 30 323 

HVOF WC-12Co 440 4802 

HVOF WC-10Ni 400 4306 

 

The presence of a small proportion of corrosion initiates a relatively high synergy effect that 

can sometimes be comparable to the pure mechanical erosion in terms of its contribution 

to the total volume loss. In this study, the synergy effects were governed by the 

microstructure of the material. The carbon steels and stainless steels exhibited relatively 
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low synergy effect due to their relatively uniform microstructure. The microstructure of the 

white cast irons and cermets is particularly complex with metallic and ceramic phases, 

which makes them vulnerable to synergy as these rather dissimilar elements interact 

significantly under saline aqueous solutions. For this reason, the white cast irons and the 

cermets depicted higher quantities of synergy than the metallic alloys. However, the 

sintered WC-6Ni showed superior erosion-corrosion resistance and especially negligible 

synergy effect, which was the exception of the cermet group. 

The suppression of corrosion and synergy, via impressed current cathodic protection, 

resulted in a substantial reduction of the volume loss on the majority of the materials, as 

illustrated in Table 7.2. The assessment of the effect of cathodic protection, on the material 

losses in the entire specimen, was expanded to the two distinct regions; directly impinged 

zone (DIZ) and outer area (OA).  

Table 7.2 Volume loss reduction via the application of cathodic protection on each material 

Material 
Full specimen (mm3) DIZ (mm3) OA (mm3) 

FEC CP % FEC CP % FEC CP % 

UNS G10400 1.49 0.83 44.3 0.51 0.5 2.0 1 0.33 67.0 

UNS S31600 0.73 0.6 17.8 0.39 0.39 0.0 0.35 0.21 40.0 

UNS S31600 1.21 1.15 5.0 0.67 0.65 3.0 0.54 0.5 7.4 

UNS S42000 1.3 0.94 27.7 0.74 0.48 35.1 0.55 0.46 16.4 

27%Cr cast iron 1.33 0.81 39.1 0.82 0.58 29.3 0.52 0.23 55.8 

37%Cr cast iron 1.35 1.11 17.8 0.84 0.59 29.8 0.51 0.52 0.0 

UNS S31600 1.13 1.15 0.0 0.57 0.57 0.0 0.58 0.58 0.0 

Sin WC-11Co  1.16 0.15 87.1 0.37 0.06 83.8 0.8 0.08 90.0 

Sin WC-6Ni 0.17 0.16 5.9 0.08 0.08 0.0 0.09 0.08 11.1 

HVOF WC-12Co 1.86 0.19 89.8 0.31 0.16 48.4 1.55 0.03 98.1 

HVOF WC-10Ni  0.94 0.33 64.9 0.56 0.3 46.4 0.57 0.03 94.7 

 



Chapter 7: Concluding remarks and recommendations for further work 

 

205 
 

This rather novel feature contributed significantly on the understanding of the resistance to 

corrosion and synergy of each material under two clearly different slurry conditions; high 

flow velocities at normal impact and relatively lower flow velocities at oblique angles. For 

instance, the cathodic protection was less effective on the direct impinged zone of the 

HVOF WC-12Co cermet coating than on WC-11Co sintered variety, despite the fact that 

both materials exhibited similar total volume reductions by the application of cathodic 

protection on their full specimen.  

7.1.3 Comparison of the materials 

The material database, shown in Table 7.3, assesses the susceptibility of the different 

groups of materials to each degradation mechanism by comparing their volume losses with 

that of their reference austenitic stainless steel. This extended evaluation improves the 

material selection process by predicting the service life of the currently used materials. For 

example, one of the most valuable outcomes of this database is the clear distinction 

between the HVOF sprayed cermet coatings with the sintered cermets, where the latter 

exhibit substantially greater erosion-corrosion performance. 

It has also provided guidance on erosion-corrosion protection techniques that have 

potential to extend the life of the engineering components. Some of the protection 

methodologies are listed below: 

 Cathodic protection, as mentioned earlier, that would supress the electrochemical 

corrosion along with the considerable synergy reducing the volume loss of the 

material to substantial degree. 

 Metallurgical modifications that would involve; a) heat treatments to increase the 

hardness and toughness, b) Change the chemical constituents of the multi-phase 

materials in order to avoid the initiation of a galvanic cell and also c) selection of 

different manufacturing processes that exhibit minimal defects. 
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Table 7.3 Material database based on the experimental findings. 

Material TVL TVL CP E (DIZ) C (DIZ) S  (DIZ) SA (OA) C (OA) S (OA) 

UNS 
S31600 

1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

UNS 
G10400 

2.0 1.4 1.3 10.2 1.0 1.6 407.6 1.1 

UNS 
S42000 

1.1 0.8 0.7 2.1 25.5 0.9 5.1 2.3 

27%Cr 
cast iron 

1.1 0.7 0.9 2.1 23.2 0.5 11.7 7.4 

37%Cr 
cast iron 

1.2 1.0 0.9 0.3 26.3 1.0 0.5 0.0 

Sin WC-
11Co 

1.2 0.1 0.1 1.9 247.0 0.1 23.9 581.4 

SinWC-
6Ni 

0.2 0.1 0.1 0.0 5.4 0.1 0.1 5.9 

HVOF 
WC-12Co 

1.7 0.2 0.3 0.6 111.7 0.0 44.5 1041.8 

HVOF 

WC-10Ni 
0.8 0.3 0.5 0.3 207 0.1 21.1 182.4 

VL ratio < 0.8: Good, 0.8 ≤ VL ratio ≤ 1.2: Blue, VL ratio > 1.2: Poor 

7.2 Recommendations for further work 

This section provides suggestions for further work ideas that could potentially enhance the 

value of this thesis and even structure new Ph.D. programmes that could possibly follow 

this initiative. 

 In general, the application of the innovative methodology implemented in this 

thesis could be broadened by evaluating the entire spectrum of angle of 

impingement from 0o to 90o. Impingement angles of 60o, 45o and 20o will provide 

relevant distinct insights of the material behaviour, in view of the fact that 

engineering components are exposed at all angles of impingements. 
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 Environmental parameters, like pH, velocity, sand concentration, could be assessed 

to determine their effect on erosion, corrosion and also the enhancement of 

erosion due to corrosion.  

 The study of the efficiency of the corrosion protection of sacrificial anodes by 

comparing them with the impressed current cathodic protection and free erosion-

corrosion tests. The effectiveness of the sacrificial anodes in aggressive erosion-

corrosion conditions with normal incidence (region under the jet) and also 

moderate erosion-corrosion conditions with oblique angles of impingement 

(adjacent to the wear scar) would be beneficial for corrosion protection 

programmes. 

 With regard to the cast irons, a study of a hyper-eutectic cast iron would be ideal 

addition to gain a better understanding of the effect of the cast iron type on 

erosion-corrosion resistance of the cast alloys. The investigation of the metallic 

phase (i.e. austenite or martensite) on the same type of cast iron would be also 

valuable as there is a clear impact of the metallic phase on both erosion and 

corrosion resistance, but more interestingly on the synergy of those two 

deterioration mechanisms. A more complicated route would be the assessment of 

different types of carbides (e.g. niobium carbides, vanadium carbides) which would 

definitely enhance the prediction studies through a review of the ceramic and 

metallic phase of the cast alloy. Also, alternative manufacturing processes of cast 

irons, such as centrifugal casting or even HVOF sprayed cast irons may be worthy 

for further study. 

 In relation to the cermet study, more cermets, that would include also chromium in 

their metallic binder, would improve the benchmarking of the WC-based cermets. 

Investigation of the effect of the HVOF spraying parameters and the feedstock 

powder sizes on the coating’s quality would also enhance this work.  

 The investigation of more types of coatings, such as functionally graded coatings, 

plasma transferred arc (PTA) coatings or chemical vapour deposition (CVD) 

coatings, of the same chemical composition (i.e. WC-based with a metallic binder) 

which would extend the breadth of the understanding by focusing more on the 

manufacturing process effects. 
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