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Abstract

Stellite alloys are a range o f cobalt-chromium alloys, also containing tungsten or 

molybdenum and a small amount (< 3 wt%) o f carbon. These alloys are designed mainly 

for severe corrosion, wear and erosion environments. In this research a group of Stellite 

alloys that are commonly employed or potentially materials for erosion resistance 

application are studied under solid-particle erosion test. Two particle impact velocities 

(84 m/s and 98 m/s) and two impingement angles (30 degree and 90 degree) are used in 

the test. It is demonstrated that Stellite alloys are more resistant to erosion at 90 degree 

impingement angle than at 30 degree impingement angle and the erosion damage o f 

Stellite alloys increases with the particle impact velocity. The erosion resistance o f 

Stellite alloys is controlled mainly by their carbon content, but the tungsten and 

molybdenum contents also play an important role, because these elements determine the 

volume fractions of carbides and intermetallics in Stellite alloys. The eroded surfaces are 

analyzed using SEM to further understand the erosion test results. An erosion model, 

originally developed by Sheldon and Kanhere (1972), known as S-K model, has been 

modified for use on Stellite alloys, with the support o f experimental data. The significant 

contribution o f this modification is that the effect o f particle impingement angle has been 

included. With this modified S-K model, for a Stellite alloy that has a similar chemical 

composition to one of the alloys studied in this research, the erosion rate for a set particle 

impact velocity at an impingement angle between 30 degree and 90 degree can.be 

estimated. This modified S-K model can be used for erosion characterization o f existing 

Stellite alloys and in the designing o f new Stellite alloys for erosion resistance 

application.
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1 Chapter: Introduction

1.1 Background of Present Research

1.1.1 Fundamentals of Stellite alloys

Stellite alloys are one type of superalloys, which are cobalt-based, designed for 

use in various industries, primarily for wear resistance application involving unlubricated 

systems or at elevated temperatures [1]. They possess excellent adhesive and abrasive 

wear resistance, solid particle and cavitation erosion resistance, as we as corrosion 

resistance. They also display a unique combination o f mechanical, tribological and high 

temperature properties [1 ].

A certain amount o f tungsten or molybdenum, a large amount o f chromium and a 

small amount o f carbon (usually less than 3 weight percent, i.e., 3 wt%) are the common 

elements present in Stellite alloys, which' lead to carbide precipitation in a cobalt solid 

solution matrix as the main strengthening mechanism of these alloys [1]. A combination 

o f the crystallographic nature o f cobalt, the solid-solution-strengthening effects o f 

chromium, tungsten, and molybdenum, the formation o f metal carbides, and the corrosion 

resistance imparted by chromium all govern the most properties o f Stellite alloys [1]. 

Carbon content alone can be used to distinguish between different Stellite alloys with 

respect to wear resistance, making carbon a very important element and the carbide 

volume fraction in the material a critical parameter [1]. Stellite alloys are generally 

classified into three main categories: (1) high-carbon Stellite alloys designed for wear 

service; (2) medium-carbon Stellite alloys used for high temperature service; and (3) 

low-carbon Stellite alloys used against corrosion or simultaneous corrosion and wear [1].
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The two principal roles of chromium in Stellite alloys are: (1) It is the 

predominant carbide former. (2) It provides additional strength, corrosion and oxidation 

resistance to the alloys [1]. Dislocation motion in Stellite alloys is prevented by solute 

atoms of tungsten and molybdenum owing to their large atomic sizes [I]. On the other 

hand, when tungsten is present in large amounts, it contributes to carbide formation [1 ]. 

In addition, when molybdenum is present in large amounts, it contributes to the formation 

o f intermetallics formation [1]. These three mechanisms enhance the strength o f Stellite 

alloys [1]. The overall corrosion resistance o f Stellite alloys is also improved by these 

two elements (tungsten and molybdenum) [ 1 ].

1.1.2 Application of Stellite alloys

Superior tribological properties, excellent mechanical strength, outstanding 

resistance to loading under static, fatigue, and creep conditions, good surface stability, 

excellent oxidation and corrosion resistance, and good phase stability at high 

temperatures, are all distinctive properties o f Stellite alloys [[1], [2]]. Processing 

techniques such as heat treatment or rationalization of constituent elements can be used to 

vary the properties o f Stellite alloys [[2], [3]]. Solid-solution-strengthening (by solid 

solution hardening) is the strengthening mechanism o f low carbon content Stellite alloys 

while precipitation-hardening (usually by a combination o f carbide formation, 

precipitation, and solid solution hardening) is the strengthening mechanism o f medium or 

high carbon content Stellite alloys [[1], [2]]. Because o f their quite high chromium 

content, Stellite alloys maintain good hot corrosion, sulfidation, and oxidation resistance 

at elevated temperatures [3]. Due to these properties, they are known to possess high

2



wear resistance, high hardness and high corrosion resistance, at both room temperature 

and elevated temperatures [[3], [4]]. These alloys can be used in various forms such as 

casting, weld overlays and powder metallurgy (P/M) [2], Stellite alloys are primarily 

employed for wear resistance application, in corrosive environments and are valued for 

their ability to operate in a range of elevated temperatures beyond the ability o f 

conventional materials, such as steels [4].

Stellite alloys are employed in a wide range o f industries, such as aerospace, 

nuclear, mining, oil and gas, and automotive industries [[3]-[5]]. Within these industries, 

they are utilized in harsh conditions that involve elevated temperatures, severe wear, 

erosion and corrosive environments or any combination o f these [4]. For instance, 

Stellite 6 B is commonly used for erosive wear resistance in coal conservation [5]. A 

variety o f degradation problems exist in aircraft gas turbine engines as a result of 

metal-to-metal wear, fretting, hot corrosion, and solid particle erosion [3]. This 

degradation is accelerated due to the high-temperature conditions involved and the failure 

o f such critical equipment can be catastrophic [3]. In this case, a Stellite alloy is the best 

option. Another case o f Stellite alloy application involves machining tools, where 

conventional materials would result in decreased service life, compared to the Stellite 

alloy equivalents [3]. Stellite alloys have proven to be beneficial in the aforementioned 

industries [3]. As the use of Stellite alloys becomes more prominent, their application 

will expand into more industries.
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1.2 Introduction of Present Research

1.2.1 Significance and objectives

In a variety o f industries, erosion is the destruction o f a material due to its impact 

with elements traveling at a high speed. It is a typical mode o f component degradation in 

aircraft engines that could eventually lead to component failure [[5]-[7]]. The damage 

caused by erosion usually results in rapid failure with little or no warning because its 

effects are unevenly distributed within the component, as a consequence, regions o f stress 

concentrations are generated [7]. For example, in turbomachinery erosion can be detected 

on the blades o f turbines or compressors [[5], [7]]. Its occurrence is related to the 

presence o f particles in the steam/air that move at a high speed colliding with the blades, 

causing destruction of the latter. Erosion causes loss of efficiency of the blades, and 

finally can cause complete destruction o f the blades, which leads to severe damage of the 

machine [[4], [7]]. As mentioned earlier, one o f the common applications o f Stellite 

alloys is against wear in various erosion environments. In other words, erosion constitutes 

one o f the most challenging issues limiting the service lifetime o f Stellite alloys. This 

therefore calls for a good understanding o f the behavior o f these materials under erosion 

attack.

Although Stellite alloys have been extensively studied in various aspects such as 

corrosion, wear and mechanical properties, due to the limitation o f testing 

facilities/methodologies and the complexity o f analytical methods, very little research in 

erosion of Stellite alloys has been reported, in particular, the systematic investigation of 

erosion behaviour o f these materials. Relationships between erosion resistance, chemical

4



compositions and microstructures for Stellite alloys have never been studied. Some o f the 

other key issues that have not been addressed are summarized as:

(1) Effects of constituents in the chemical composition of Stellite alloys on their erosion 

resistance and composition optimization for best erosion resistance.

(2) Hardness is considered as an important material property for Stellite alloys because it 

is often used to correlate with erosion resistance of materials. It is generally accepted 

that the harder the material, the higher the erosion resistance is. This hypothesis 

needs to be verified for Stellite alloys as this correlation is useful to material 

engineers when designing the composition for Stellite alloys with respect to the 

influence of alloying elements on overall hardness and erosion resistance.

(3) The impingement angle dependence on the erosion rate o f Stellte alloys has not yet 

been investigated. However, these data help in understanding of the damage o f these 

alloys under different erosion conditions. In particular, it is necessary to determine 

the “critical impingement angle” for these alloys at which the maximum erosion rate 

occurs.

(4) Although many erosion models have been developed to predict the erosion rates o f 

various materials, there is no specific model geared to predicting the erosion rate of 

Stellite alloys. Such a model will help save testing cost for industries as it could be 

used as a basis o f first hand trial in determining erosion damage o f Stellite alloys.

The lack o f knowledge in these aspects is significantly limiting the application of 

Stellite alloys in erosive environments. It is more critical, as applications in increasingly 

severe environments push engineered materials to their limits, therefore a better 

understanding o f these relationships involving chemical composition, microstructure,
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hardness and erosion for Stellite alloys, together with a predictive erosion model, is 

crucially required, and hence it is the emphasis of this research.

The present research was aimed to investigate the erosion resistance and to 

develop an analytical model for predicting the erosion rate o f Stellite alloys, with a focus 

on the effects o f chemical composition on the microstructures, overall hardness and 

erosion resistance. The overall hardness o f these alloys was determined and related with 

chemical composition and erosion resistance. The erosion rate was also related to 

microstructure, impingement angle and erodent particle impact velocity. The erosion 

model was developed by modifying an existing erosion model and implemented using 

experimental data for verification. These research results are not only beneficial for 

extending the application o f existing Stellite alloys but also provide the scientific 

guidance for designing new Stellite alloys that will be used to combat against erosive 

environments.

1.2.2 Tasks and methodologies

A group o f Stellite alloys either in cast state or in wrought state were selected in 

this study. These alloys contain various levels of carbon and hence are classified as 

low- (< 0.5 wt%), and medium- (0.5 ~ 1.6 wt%) Stellite alloys, respectively, which are 

commonly employed or are potentially materials for erosion resistance applications. As 

the main agent of carbide formation, chromium varies between 22 ~ 30 wt% in these 

alloys. They contain the main solid-solution-strengthening elements, tungsten, varying 

from zero up to 32 wt%, and molybdenum, varying from zero up to 11.8 wt%.
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The microstructures of these alloys were analyzed utilizing a Hitachi Model 

S-570 Scanning Electron Microscope (SEM) with backscatter electron imaging (BEI) and 

energy dispersive X-ray (EDX) spectrum, and a TESCAN Scanning Electron microscope 

(SEM) with an ED AX energy dispersive X-ray (EDX) spectroscopy system. Each phase 

in the microstructures was identified.

The overall Rockwell C (HRC) hardness and Vickers hardness (HV) o f each alloy 

were measured and used for the study o f the correlations between material properties and 

also used in the erosion model development.

The erosion resistance of each alloy at room temperature (~ 22°C) was evaluated 

at two impingement angles o f 30 degree and 90 degree and for two particle impact 

velocities of 84 m/s and 98 m/s, which led to four testing conditions for each alloy, 

according to the solid-particle impingement erosion test using an S.S. WHITE Airbrasive 

Micro-Blasting Jet Machine, with compressed nitrogen gas jets. The material eroded or 

loss o f each alloy specimen was calculated and the erosion rate was expressed in two 

different forms. In one form, the erosion rate was expressed as the ratio o f the mass loss 

o f the target material to the mass o f the erodent particle used with units (pg/g). In the 

other, the erosion rate was expressed as the ratio of the volume loss of the target material 

to the mass of the erodent particle used with units (m3/g). The tribological behavior and 

erosion mechanism of these alloys at room temperature were studied, incorporating with 

the analyses of eroded surfaces using SEM, focusing on the surface morphology.

The analytical erosion model was developed by modifying the erosion model 

originally developed by Sheldon and Kanhere [6 ] for both single-particle erosion and 

multiple-particle erosion, with emphasis on incorporating an additional erosion parameter
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(the impingement angle). This modified erosion model was implemented using the 

experimental erosion data for verification and then used to predict the erosion rates of 

these Stellite alloys at other impingement angles.

Based on the experimental and modeling results, the following relationships were

discussed:

(1) Microstructure versus chemical composition

(2) Overall hardness versus chemical composition

(3) Overall hardness versus erosion resistance

(4) Microstructure versus erosion resistance

(5) Erosion rate versus particle impingement angle

(6) Erosion rate versus particle impact velocity

(7) Original erosion model versus modified erosion model

(9) Experimental data versus modified erosion model

(10) Experimental error versus prediction accuracy o f modified erosion model

1.3 Organization of the Thesis

This thesis is a summary o f the present research. It consists o f seven chapters that 

cover the introduction o f this research; literature review o f previous studies that are 

related to the present research; microstructural analysis and experimental investigation o f 

erosion behaviour o f Stellite alloys; analytical modeling o f erosion of Stellite alloys; 

discussion on the experimental and modeling results and relationships between chemical 

composition, microstructure, hardness, erosion resistance and erosion model prediction
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for Stellite alloys, as well as the conclusions drawn from this research along with the 

future work as expected. The details of the thesis structure are described below:

Chapter 1 is an introduction to the present research. In this chapter, the 

fundamentals, features, properties and application of Stellite alloys, are briefly 

introduced; the significance and objectives o f this research are stated; and the tasks and 

methodologies o f this research are described.

Chapter 2 is the literature review, which summarizes the main aspects o f Stellite 

alloys, including chemical composition, classification, microstructure, features, and 

various properties, and previous research in these alloys with regard to the following 

aspects: mechanical properties, corrosion and erosion resistance, wear behaviour, etc. In 

addition, the numerical models previously developed by other investigators in relation to 

metal erosion have also been reviewed.

Chapter 3 is the microstructural analysis of the Stellite alloys being studied. In 

this chapter, the selection o f these alloys for this research is explained; the detailed 

chemical compositions o f each alloy are provided; the facilities and procedures for 

microstructural analysis o f these alloys are described; and the results are discussed.

Chapter 4 is the description of the erosion experiment. The experimental details of 

the solid-particle impingement erosion using gas jets are described, including the 

apparatus, test parameters and procedure. The method for material eroded or loss 

calculation is detailed. The erosion mechanisms of Stellite alloys at room temperature are 

explored, incorporating with the eroded surface analyses using SEM.

Chapter 5 is the description o f the erosion model development. The reasons for 

choosing the original model are explained, the original model is compared with the
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experimental results and the drawbacks calling for modification are revealed. The model 

modification process is detailed and the modified model is obtained by fitting the 

experimental data and introducing an additional erosion parameter (impingement angle).

Chapter 6  is the discussion on the experimental and modeling results as well as 

the correlations o f these results. This chapter can be considered as an integration o f all 

results. The correlations between chemical composition, microstructure, hardness and 

erosion resistance, o f Stellite alloys, are analyzed. The new fitting parameters introduced 

in the modified model are discussed and the modified model is used to predict the erosion 

rates o f Stellite alloys at various particle impingement angles, with the limitation o f the 

model discussed.

Chapter 7 concludes the present study and proposes the future work. The 

experimental and analytical results o f this research are summarized, the conclusions 

drawn from these results are provided. The expected work that will provide further 

understanding of the room-temperature erosion behaviour and performance o f Stellite 

alloys are proposed together with the suggestions on how to improve the modified 

erosion model in order to enable the erosion rate prediction at any particle impingement 

angle for Stellite alloys.
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2 Chapter: Literature Review

2.1 Erosion of Materials

2.1.1 Definition of erosion

Wear of materials is generally grouped in three main classes namely: abrasive 

wear, sliding wear and erosive wear. When two hard surfaces in contact move relatively 

to each other, it causes abrasive wear [1]. Therefore the size and volume o f hard phases in 

a material control the abrasive resistance of the material [4]. There are three main 

mechanisms involved in sliding wear namely: oxide control, contact stress and subsurface 

fatigue [1]. The resistance to sliding wear o f a material depends on the overall hardness 

and strength of the material [[3], [4]]. Erosion is a complex process that is characterized 

by the progressive deterioration of materials [[8]-[10]]. The impact of particles or 

cavitation shocks against a surface result in erosive wear [11]; The time duration within 

which the impinging particle and the target surface are in contact, is very short (i.e., this 

erosive wear is not a continuous process) making it completely different from the other 

types of wear [1]. Solid-particle erosion, slurry or liquid-solid particle erosion, 

liquid-droplet erosion and cavitation erosion are the well-recognized types o f erosive 

wear [[1], [11]]. When small, solid particles impact against a surface, the first or second 

type o f erosive wear occurs [[1],[11]]. However, when gas bubbles generated on a surface 

due to a flowing liquid suddenly collapse, cavitation erosion occurs on the 

surface [[1],[11]]. With the complex mechanisms o f erosion, it is hard to predict the 

erosion resistance of a material based on a single material property [1]. For example, 

hardness definitely affects the erosion resistance of a material, but ductility can also be a 

major parameter governing the erosion behavior of a material [[1 ],[8 ]].

it



2.1.2 Solid-particle erosion

The successive impact and removal of material by fast moving hard particles from 

the surface of components is known as solid-particle erosion [1]. It is different from the 

other forms of erosion like liquid impact erosion, slurry erosion, cavitation erosion, 

etc [1]. As mentioned earlier, the contact between the hard particles and the component 

surface is of a very short duration. Thus each particle impact on the target surface could 

be regarded as independent from one another in solid-particle erosion [1]. By adding up 

the effect from each impact, the overall material degradation can be estimated [7]. 

Another definition of solid-particle erosion could be proposed as material deterioration 

due to impacting particles transported via a fluid (liquid or gas) [1 1 ].

There are several impact parameters that influence the erosion rate of any 

particular material [[12]-[14]]. The extent to which each parameter contributes to the 

erosion rate would depend on the environmental conditions together with the type of 

material under investigation [[12]-[14]]. The main impact parameters are impact angle, 

particle velocity, particle size, shape and properties o f both the abrasive particles and the 

target material under consideration [[7]-[22]].

In most industry applications, erosion is caused by a stream of 

particles [[15], [17]]. Degradation o f materials due to solid particle erosion, either at 

room temperature or at elevated temperatures, is encountered in a large variety of 

engineering industries, as described in Table 2-1. On the other hand, applications such as 

sand blasting of castings, shot peening o f rotating components and many others have 

benefited from the material deterioration effect of erosion [7]. Therefore it is very 

beneficial to investigate both the technological and commercial aspects o f erosion.
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Table 2-1: Examples of components subjected to solid particle erosion [15]

System Components

Chemical plant Transport tubes carrying abrasive materials in an air stream
Hydraulic mining 

machinery
Pumps and valves

Propellent system Rocket motor’s tail nozzle, gun barrel
Combustion system Burner nozzle, reheater, super heater and economiser tube

banks
Fluidized bed combustor Boiler heat exchanger tubes in bed tubes, tube banks and 

expander turbine
Coal gasification Turbine, lock hopper valves
Coal liquifaction Valve to throttle the flow of product steam
Aircraft engine Compressor and turbine blades

Helicopter engine Rotor and gas turbine blades

2.2 Param eters of Erosion

2.2.1 Impingement/impact angle

The angle between the path followed by the abrasive particles and the target 

material is known as the impact angle [8 ]. This is demonstrated in Figure 2-1.

NozzleGas Stream

Impact angle
Specimen

Erosion Chamber

Figure 2-1: Schematic diagram depicting the impingement/impact angle [8 ].
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For every material, there exists a “critical impingement angle” at which the 

maximum erosion rate occurs. For metals and alloys, i.e., ductile materials, this angle 

occurs between 15 degree and 30 degree while for ceramics and glass, i.e., brittle 

materials, this angle occurs around 90 degree as illustrated in Figure 2-2 [[7], [15]]. The 

erosion degradation o f a material varies with particle impact angle, but sometimes it is 

impossible to determine the critical angle experimentally in industry due to equipment 

and time limitation [[8 ], [15]]. As mentioned earlier, the nature o f  the target material 

greatly influences the effect o f  the impact angle on the erosion rate [1]. Also, the erosion 

rate-impact angle behavior is significantly controlled by erodent particle shape [9]. It was 

reported that when spherical particles were used to erode mild steel and copper (ductile 

materials), a maximum in the erosion rate occurred at 90 degree instead o f  at an 

intermediate angle close to 30 degree [[9], [10]]. In addition, the critical angle changes 

with particle impact velocity for some materials [8 ].

— — Brittle 
 - Ductile

2
s©

2
w

30 60 900

Impact angle (Degree)

Figure 2-2: Schematic diagram showing the influence o f  impact angle on erosion rate in 

the case o f  ductile and brittle materials [7].
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2.2.2 Erodent particle impact velocity

In general, erosion rate is mostly affected by particle impact velocity [8 ]. The 

erosion rate of a material could be defined as the ratio of the mass loss of the target 

material to the amount of erodent particles used [15]. Some researchers have suggested 

that the erosion rate, E, can be expressed is as a function of impact velocity, V, as 

follows [6 ]:

* m t * *  a )

where Eq is a constant; and p  is velocity exponent.

A lot o f experimental data on erodent particle impact velocity have been collected 

for metallic materials under oblique impact conditions by some investigators and they 

found that the mean velocity exponent was between 2.4 and 2.55 [[12],[13]]. This 

velocity exponent could go up to 5 for polymer matrix composites [15]. Other parameters 

such as impact angle, particle size, erodent particle shape, and so on, may also affect the 

velocity exponent [15]. A decrease in the velocity exponent with decreasing particle size 

was also reported [14]. In general, the higher the erodent particle velocity, the higher the 

material removal rate (erosion rate) and vice versa, as shown in Figure 2-3.

15



0

=420 ft/s 
- 800 ft/s 

- 1 0 0 0  ft/s

0 100 200 300

Average particle diameter (pm)

Figure 2-3: Variation of erosion rate o f steel with particle size at different impact

velocities [15].

2.2.3 Erodent particle size

The erosion degradation of a material may also be influenced by the size o f the 

sand particle (erodent) [[15],[19]]. An increase in the erosion rate with particle size has 

been reported by previous researchers [[16J-[18]]. However, they observed little or no 

change in erosion rate once the size o f the particle was greater than a threshold value in 

the range o f 50 ~ 100 pm, as shown in Figure 2-3. Both an increase in erosion rate and a 

decrease in erosion rate with particle size were observed for some erodent particles in 

previous research [[16]-[18]]. Although a few suggestions have been proposed to explain 

the ‘size effect’, no general conclusion has been attained [[16]-[18]].
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2.2.4 Erodent particle shape, hardness and particle flow rate

Another parameter that affects the erosion behavior o f materials is erodent 

particle shape [[9], [15]]. Angular particles were observed to produce higher erosion rates 

when used as the erodent on many metallic materials than spherical erodent 

particles [[10],[19]]. A shift in the critical impingement angle from 30 degree to 

90 degree was found in erosion test on some Cu alloys when eroded by spherical 

particles [[10],[19]]. When a spherical steel shot was used to erode Cu and some Cu 

based alloys, a maximum in the erosion rate occurred at 90 degree impact 

angle [[10],[19]]. The reverse behavior was observed on these same Cu alloys when 

eroded by angular SiC particles, where a ductile response with regard to erosion damage 

was revealed [[10],[ 19]]. This can be seen in Figure 2-4, where the effects o f angular and 

spherical particles on Cu alloys were investigated. In conclusion, the angle-dependence 

o f erosion rate shifts more towards a ductile mode as the angularity of the erodent particle 

increases [15]. In addition, the increase in angularity also leads to an increase in the 

erosion rate [15].

Another parameter o f interest is the hardness o f the erodent particle [15]. The 

erosion rate o f steel was found to be independent o f the particle hardness once the 

hardness of the erodent particles was at least twice that of the target material [20]. Up to 

date, no general trend for the ‘erodent particle hardness effect’ has yet been 

obtained [15].

Particle flux rate should also be considered [15]. The erosion rate o f metallic 

materials is barely influenced by erodent particle flux rate [[6 ], [8 ]]. This is because some
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rebounding o f erodent particles against one another at very high flux rates can cause the 

erosion rate to decrease and this decrease could follow an exponential trend [15].
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Figure 2-4: Effects of particle shape on erosion rate [15].

2.2.5 Target material

The erosion behavior of a material can be greatly influenced by its mechanical 

properties [1]. In most situations, the material hardness tends to be representative o f its 

mechanical properties [[ 1 0 ],[ 1 1  ],[ 15]].

For single-phase metals and alloys, their erosion resistance is immensely 

improved by various strengthening mechanisms such as cold work or solid solution 

strengthening [15]. Although addition o f other elements in solid solution strengthening
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generally increases the hardness/strength o f the material, there are exceptions [15]. For 

example, the addition of solutes like Zn and A1 into Cu increases the hardness/strength 

but not the erosion resistance [2 1 ].

On the other hand, for multiphase metals, the erosion behavior of carbon steels 

having different carbon contents was studied and a lower erosion resistance was observed 

for the steel having higher carbon content [[15],[22]]. Higher erosion rate is often found 

on dispersion-strengthened alloys than on the same alloy without the dispersion [15].

It should be noted however that within metallic materials, there is always a slight 

variation in the sensitivity of the above-mentioned parameters that are used to predict the 

severity o f erosion damage [[23],[24]]. This thus leads to a case-by-case analysis, which 

i s  v e r y  t i m e - c o n s u m i n g  a n d  m a k e s  e r o s i o n  d a m a g e  i n v e s t i g a t i o n  d i f f i c u l t .

More often, a combined erosion-corrosion wear process occurs when erosion 

takes place in a corrosive medium [20]. This adds even more complexity to the erosion 

damage investigation and calls for more rigorous research techniques.

2.3 Methodologies of Erosion Research

2.3.1 Experimental investigation

A number o f experimental research has been conducted in the field o f erosion 

damage for different materials. Oka et al. [8 ] estimated the erosion damage to ceramic 

materials caused by solid particle impact using different erodent particles such as angular 

silica sand (Si0 2 ), silicon carbide (SiC) and round zirconia (Z1O 2) having mean particle 

sizes o f 194 or 254 to 428 and 200 pm respectively. In their research, they used silicon 

carbide, two types o f alumina (AI2O3-I and AI2 O3-2 ), zirconia and magnesia (MgO) as
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the target materials, at impingement angles between 10 degree and 90 degree [8 ]. 

Table 2-2 provides more details about the mechanical properties of the above materials. 

Figure 2-5 shows a schematic diagram of the sand blast type erosion test rig used in their 

investigation.

Table 2-2: Particles and target materials in the erosion test of Oka et al. [8 ]

Particle Shape
Diameter

(pm)

Material 
hardness 

HV (GPa)
S i0 2 Angular 194-428 ca. 2 0

SiC Angular 254-428 ca. 30
Z r0 2 Round 2 0 0 ca. 2 0

Material
Density
(g/cm3)

Grain size 
(pm) HV (GPa)

Fracture toughness 
(M P a m )

SiC 2.9 23 3.6

AI2 O3-I 3.4 1 0 15 3.7
Z r0 2 6 0 . 2 13 6

Al20 3-2 3.6 3 1 1 3.1
MgO 3.5 35 7 3
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Figure 2-5: Schematic diagram of a sand blast type erosion test rig [8 ].

The solid-particle erosion resistance of ceramic materials is generally much 

higher than that of metallic materials [8 ]. Impact parameters such as particle type and size 

were noted to influence the erosion behavior o f ceramic materials significantly, which 

resulted in a shift in the impact angle-erosion rate dependence [8 ]. The material removal 

mechanisms of primary ceramic grains were different from those o f secondary ceramic 

grains [8 ]. The impact-angle dependence for normalized erosion of different target 

materials eroded by 254 pm angular SiC particles is illustrated in Figure 2-6. At lower 

impact angles, the erosion damage caused by SiC the abrasive particles was found to be 

much less on SiC target material than on the other target materials [8 ].
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Figure 2-6: Impact-angle dependence of normalized erosion using silicon carbide 

particles o f254 pm at 100 m/s [8 ].

McCabe et al. [22] performed erosion experiments to verify the effect o f 

microstructure on the solid particle erosion behavior o f steels. They used AISI-SAE 1078 

and 10105 steels as the target materials. In their experiments, 240 grit AI2O3 particles 

were used as erodent particles and the experiments were conducted at impingement 

angles between 10 degree to 90 degree at impact velocities o f 40 ~ 100 m/s [22]. 

Speroidite, pearlite, martensite and tempered martensite microstructures for these steels 

were investigated [22]. The critical impingement angle for spheroidite and pearlite 

microstructures occurred at 40 degree at all particle velocities, which is an indication of 

ductile mode of erosion [[7],[22]]. Their results also showed a drift in the erosion mode 

for martensite and tempered martensite towards a brittle mode o f erosion with increasing



velocity [22]. However, this drift was not consistent at some particle velocities [22]. 

Finally after comparing the erosion rates between the eutectoid and hypereutectoid 

microstructures, a wider deviation in the values of the erosion rate was observed at the 

highest velocity of 99 m/s than at the lowest velocity o f 42 m/s [22],

Levy [23] found that by decreasing the hardness or equivalently increasing the 

ductility o f  pearlite and spheroidite microstructures led to a decrease in the erosion rate. 

In order to explain this observation, Levy used the fact that plastic deformation o f the 

target material picks up most of the kinetic energy o f the impacting particles leaving a 

small amount available for surface fracture [23]. Thus brittle (harder) materials could 

erode faster than softer (ductile) materials depending on the impingement angle under 

consideration [23].

Tu et al. [24] investigated the solid particle erosion behavior o f AI18B4O 33 

whisker-reinforced AC4C Al alloy matrix composites at room temperature. They used 

angular silica sand as erodent particle at four different impact velocities of 55, 140, 198 

and 243 m/s [24]. Impingement angles between 15 degree and 90 degree were used in 

their investigation. This was carried out on AC4C Al alloy in a squeeze-cast state 

containing 19.5 vol% AI18B4 O3 whisker as the target material [24]. At high particle 

velocities and large impact angles, they observed an increase in the steady-state erosion 

rate o f the whisker reinforced matrix alloy, as demonstrated in Figure 2-7. During the 

erosion process, the introduction of the whisker into the matrix rendered the overall 

composite less ductile leading to limited plasticity but rather more fragmentation o f 

AI18B4 O3 whisker resulting in an increase in the erosion rate [24]. This is also in 

agreement with Levy’s observation [23].
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Figure 2-7: Steady-state erosion rate as a function o f impact angle for (a) AC4C matrix 

alloy, (b) AC4C Al- AI18B4O3 whisker composites [24].
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Although a huge number of experiments have been performed concerning erosion 

damage of various materials [[20]-[24]], the results obtained are often case by case and 

therefore more experimental investigation needs to be carried out in order to better 

understand the material removal mechanisms involved in material erosion degradation.

2.3.2 Analytical modeling

Due to the high capital cost and long duration involved in erosion testing, 

physics-based and statistics-based erosion models have been developed to predict/reveal 

the erosion resistance/mechanisms o f materials [[25]-[38]]. These models could also be 

used to predict the service life o f materials in erosive environments [7],

A number o f studies have proposed a variety o f correlative equations between 

impact parameters and erosion damage caused by solid particle impact [[25]-[38]]. The 

earliest report on erosion investigation was attributed to Reynolds [25]. He also 

performed some in-depth studies in erosion and since then, a substantial number o f 

specialized studies in the field erosion damage have been reported [25].

The erosion process was assumed to be a micro-machining process during the 

development of the first erosion model on ductile materials by Finnie [26]. His model 

was based on an ideal ductile, non-work hardening solid target material eroded by rigid 

particles [26], He then proposed that the volume loss, Q, removed by a single abrasive 

grain of mass to be [26]:

sin2a (2)
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where a is impingement angle; V is particle impact velocity; K  is the ratio o f the vertical 

to horizontal force on the particle at impact; o/ is plastic flow stress; and finally y/ is the 

ratio o f the length to the depth o f the cut material whose value is assumed to be constant.

Finnie [27] further expanded his original model and proposed another formulation 

for single particle erosion. At the beginning o f his derivation, he made three major 

assumptions as follows [27]: (1) Plastic deformation o f the material is the unique factor 

causing surface cutting. (2) Surface cracking is ignored. (3) Only the motion o f the 

impacting particle on the target surface leads to material removal.

By applying Newton’s second law of motion to the single particle impacting a 

ductile surface, erosion rate was determined [27]. The volume o f surface material 

displaced by the particle was estimated by using the particle trajectory through the 

material [27]. He then proposed a single particle impact erosion model as follows [27]:

w  is the mass loss o f the material from the single particle impact; p is target material 

density and m is erodent particle mass; the parameter p  is the horizontal component o f the 

contact stress also known as plastic flow stress which is assumed to attain a constant 

value immediately upon contact, a is impingement angle; V is particle impact velocity; K  

is the ratio of the vertical to horizontal force on the particle at impact; Experiments on

(4)

where

F M  = ]K cos*a

sin 2 a  — —sin 2a  fo r  tan(ar) <

^ 6
f o r  ta n (a ) >  —

26



ductile materials have determined K  to lie between 1.6 ~ 2.4 with a maximum value up 

to 6  [[7],[27]]. y/ is the ratio o f the length over which the abrasive particle contacts the 

surface to the depth o f the cut made by the particle which is also assumed to attain a 

constant value immediately upon contact. Experiments at different impact angles have 

revealed y/ to lie between 2 ~ 10 [[7],[27]].

Equations (2), (3) and (4) predict high erosion rates at impact angles between 

15 degree and 30 degree for ductile materials, which agree with experimental 

data [[7],[27]]. At impingement angles 60 degree and above, these equations however 

contradict experimental results [[7],[27]]. In addition, at impingement angles close to 

90 degree, the predicted erosion rates are approximately zero [[7],[27]]. The high velocity 

exponent found in this model was attempted to be corrected by Finnie et al. However, an 

inverse relationship between erosion rate and yield stress or material hardness was 

predicted by the original Finnie model [27]. This relationship was not observed 

experimentally and has become a huge drawback to this model [7].

Studies in the erosion behavior of ductile materials were conducted by Tilly [28]. 

Material scrapping and extrusion (forming ridges) were proposed as the material removal 

mechanism involved in erosion of ductile materials [28]. These ridges became vulnerable 

when attacked by particles moving at a high velocity [28]. Tilly [29] further developed a 

two-stage model o f the erosion process for ductile materials. At the first stage, chips are 

removed and some material is gouged and extruded around the scar as the erodent 

particles impact the target surface [29]. At the second stage, fragmentation o f the 

particles occurs upon impact and these fragments are projected radially from the
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surface [29]. At acute impingement angles, the first stage prevails while at normal 

impact, the second stage predominates [29],

Bitter [30] developed a model for single-particle erosion of metals. He assumed 

that both material cutting and material plastic deformation occurred simultaneously but 

further assumed that “deformation wear” governed at normal impact while “cutting wear” 

prevailed at acute angles [30]. Empirically determined deformation wear and cutting wear 

factors as well as target material and erodent particle properties were utilized during the 

model development [30]. An erosion model of the following form was proposed [30]:

= (Wi)a + W e  (5)
where the contribution from the deformation wear is given by [30]:

, „ pwmp(g since -  K J 2
(w Ja  = ----------- —-------------  (6)

2ed

The deformation wear factor, ed, represents the amount o f energy needed to 

remove a unit volume o f surface material through deformation [30]. The contribution 

from the cutting wear is defined by [30]:

' 2pwK3m.p(g sing-K-j)2 [ /f3(g s in g -ffj)2^ ]

(Wi)c =
pwmp

npig s in a -ff j)2 [ Kz(g s in a -K i)2£c] c  ^-/=—= -------  f f c o s g - " -  I -- f o r a  < a 0
Sina [** VSSlna J

f o r a  > a0 I

3
g 2cos2a - K 2(g s ina-Z fj^

The cutting wear factor, ec, represents the amount o f energy needed to remove a 

unit volume o f surface material by cutting action [30]. do is the angle o f impingement 

when the horizontal component of g becomes zero and can be deduced by solving the 

equation below [30]:

l l
0.576 ps*g2£c cosa0 />jx

5 “  3
y el 4 sin2a0
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wherey ei is elastic load limit and K\, Ki and £ 3  are material constants given by [30]:

(8)
2>/l0 JPs [ ^1

K2 =  0.82 y e,2 ( ^ ) ? [ i ^  +  1 '  ^

and

K,
_  0.288 /  ps \?

y ei \y eJ

(9)

(10)

where the Poisson’s ratios o f the particle and target surface material are given by q\ and 

q i respectively; the Young’s moduli o f the particle and target surface material are given

by £ 1  and £ 2  respectively. This model agreed with his experimental erosion data and 

gives a better description o f the impact angle dependence on wear damage [30]. 

However, the significant drawback o f this model is the fact that little justification to the 

assumptions made during the model development process has been presented [7],

The expression in equation (7) for the cutting wear component proposed by Bitter 

was simplified by Neilson and Gilchrist [31], yielding the following form:

(Wi)c

pwm pg 2cos2a  sin rja
2ec

hwm pg2cos2a
H r

fo r  a < a 0

f o r  a  > a0
(11)

where

7T
«o

2V .
(12)

The parameter 7  is an empirical constant and the deformation wear component is 

the same as in the original Bitter model given by equation (6 ) [[30], [31]].

As mentioned earlier, the original Finnie model was developed based on an ideal 

ductile, non-work hardening solid target material [26], Hutchings and Winter [32] studied
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the work hardening and annealing effects on the erosion mechanism of ductile materials. 

A large-size steel sphere o f 3 mm in diameter was used as the single particle erodent and 

an aluminum surface as the target material in their investigation [32]. They postulated 

that the material removal mechanism was the shearing o f the surface layer o f the ductile 

material in the direction of motion the projectile and an overhanging lip would be formed 

and removed during the erosion process [32], They suggested that material removal o f 

this nature could be as a result o f either adhesion between the lip and ball or from 

extrusion of the lip material at the interface between the deformed metal and the ball [32]. 

Finally, material loss occurred more heavily from the folly work-hardened metals than 

from the annealed metals indicating that work hardening affected the lip formation [32]. 

Plastic flow was concentrated in the surface layers and intense localized shearing 

occurred to form the lip in work-hardened metals [32].

Using spherical particles, Hutchings [33] developed a model for multiple-particle 

erosion of metals. Their experiments were performed at 90 degree impingement angle 

and the erosion rate was expressed as the mass loss of the target material per unit mass o f 

erodent particles used [33]. The formation and detachment o f platelets of the target 

material were postulated as the material removal mechanism [33]. Once the plastic strain 

in the material attained a critical strain, only at this point was this detachment assumed to 

occur [33]. This critical strain was also called ‘erosion ductility’ o f the material [33].

By using the same criterion of a critical strain needed for material removal to 

occur as Hutchings used [33], Sundararajan and Shewmon [13] developed a model for 

multiple-particle erosion of metals. They conducted erosion experiments at 90 degree 

impact angle [13]. However, compared to Hutching’s model, their findings agreed more
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closely with their experimental erosion data [13]. They postulated that material removal 

along the rim of the indentation crater produced by the formation o f an extruded lip o f 

material was the main degradation mechanism [13].

A solid-particle erosion model that could be used to estimate the erosion damage 

o f a variety o f metals under different erosion conditions was proposed by Oka et al. [34]. 

The impact angle-erosion rate dependence was investigated by developing an erosion 

damage equation at an arbitrary angle E (a), o f the form [34]:

E (a)  =  g(a )E 90 (13)

where E90 is the erosion damage at an impact angle o f 90 degree with units (mm3/kg) and 

g (a )  denotes the ratio o f erosion damage at arbitrary angles to that at 90 degree, E90. The 

Vickers hardness o f the target material Hv with unit (GPa) together with two 

trigonometric functions were used to expressed g (a ), as given below [34]:

g (a )  =  (sina)n i( l  +  Hv ( l  -  s in a ))"2 (14)

where the material hardness and other erosion parameters are used to determine the 

exponents n t  and n2. In equation (15) repeated plastic deformation is accounted for by 

the first term [34]. At acute impact angles the second term, which accounts for the cutting 

action, is more predominant [34]. After performing numerous experiments on different 

types o f materials, the exponents n t and n2 were found to be related to the material 

hardness [34], When n x =  2 , the erosion damage could be related to the vertical 

component of the particle impact energy [34], For all these different materials, they found 

n 2 to lie in the range between 0.15 and 15 [34]. Figure 2-8 shows a plot o f g (a )  versus 

impact angle and also includes the mechanisms occurring during the material removal 

process. They concluded that the impact angle dependence for an unknown material



could be estimated from its initial hardness; and further added that particle properties and 

target material hardness influenced the impact velocity-erosion rate dependence with this 

characteristic being independent of particle size [34]. One drawback o f this erosion 

model is the fact that there is a significant deviation in the value of the experimental 

erosion rate from the predicted value [7].
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Figure 2-8: The concept of erosion arising from repeated plastic deformation and cutting

action [34].

The above predictive equation was further expanded to ceramic materials [8], In 

this work, a comparison o f erosion rate between the tested commercial ceramic materials 

and industrial metallic materials was made [8].
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Fundamental analyses in solid-particle erosion have been performed by many 

researchers [[26], [30]], leading to a number of estimative or predictive equations [35], 

but the development of a practical and effective equation for the degradation o f materials 

in industrial plants remained inadequate [[26]-[35]]. Some models have taken into 

account both normal impact and oblique impact [[27],[34]]. Moreover, some researchers 

have developed an expression for predicting the diameter of the crater formed after 

erosion o f a passive film on pure metals [36]. In their investigation, they equated the 

energy needed to remove a crater volume from the oxide layer to the kinetic energy of the 

impacting particles [36]. Spherical erodent particles were used in their study and they 

assumed that the direction of motion of these particles during impact coincided with the 

direction o f all crater shape relaxation [36]. However, depending on the nature of the 

alloy being studied (ductile or brittle), the deformation mechanism varied [36]. Other 

researchers performed a similar investigation using both sharp edged and conical 

particles [[36]-[38]]. The crater diameter expression developed was applicable to both 

ductile and brittle layers when eroded at 90 degree. Their models also neglected the 

energy spent in elastic work during the erosion process [[36]-[38]]. In general, material 

hardness tends to be a representative o f the mechanical properties of the target material 

that affects the erosion mechanisms [[10],[11],[15]]. Researchers reported that material 

hardness was one o f the key parameters required in predicting the impact angle-erosion 

rate dependence [8 ].

Unfortunately, the situation becomes more complex, when the abrasives such as 

salts and sand particles are ingested by the target material, since at high enough 

temperatures, they can chemically react with the oxygen present in the environment [7].
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As mentioned earlier, a combined erosion-corrosion wear process occurred when erosion 

took place in a corrosive medium [20]. Erosion-corrosion wear has been encountered in 

coal gasification and liquefaction plants [20]. These complications have motivated many 

researchers to study the wear behavior and mechanisms of materials to a new dimension.

It should be noted that the effects o f the above-mentioned parameters on erosion 

damage vary with target material [[23],[24]], which leads to a case-by-case analysis. All 

the above mentioned factors add even more complexity to the erosion damage 

investigation and calls for more rigorous research techniques. In general, estimative or 

predictive equations are often difficult to establish because of a wide range o f impact 

conditions, many effective impact parameters such as velocity, angle and particle 

properties, and a wide variety o f metallic materials, material compositions and physical 

and mechanical properties [[26]-[38]].

In recent years, the introduction of computers to erosion investigation has 

influenced researchers to advance in a whole new dimension with their studies [7], 

Erosion damages have been investigated using computer simulation and numerical 

methods [7], The results o f these theoretical approaches are promising and indicative o f 

the importance of computer simulation in predicting the damage incurred due to various 

types of erosive wear [7]. The use o f computer simulation and numerical methods has led 

to a deeper and more comprehensive investigation o f erosion [7].

Sheldon and Kanhere [6 ] have developed an erosion model known as the “S-K 

model”, in the investigation o f the effect o f large single particle impact on a 6061-TO 

aluminum surface. In the model development, the indentation hardness theory was used 

to derive a particle penetration equation [6 ]. The erosion rate w, expressed as a function
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of the impacting particle velocity V, and the particle diameter D, has been suggested by a 

number o f investigators and takes the form [6 ]:

w = K V ADB (15)

where w is erosion wear per erodent particle; A is the velocity exponent; and B  is the 

diameter exponent.

The S-K model [6 ] uses the erodent particle diameter D  (m), the erodent particle 

impact velocity V (m/s), the erodent particle density pp (kg/m3) and the Vickers hardness 

o f the target material Hv (Pa) to predict the erosion rate.

The present research selected this model as the basis for analytical modeling, 

because all the impact parameters required to test the validity o f the model were 

measurable in the present research. Also, 6061-TO aluminum and Stellite alloys are all 

metallic materials, in a same material domain in regard to erosion [[8],[15]]. Also, an 

added advantage to this model is that although it was developed based on single-particle 

erosion, it can be applicable without any restrictions to multiple-particle erosion [6 ]. This 

model was then modified by including the effect o f particle impact angle and using a 

statistical method to best fit the experimental erosion data obtained from the present 

research on Stellite alloys. Up to date, no general, practical, predictive equations for the 

actual degradation of a variety of types o f materials have yet been developed due to the 

large number o f impact parameters involved for consideration [[15],[26]-[38]]. One o f 

the main focuses in the model modification o f the present research was to introduce the 

particle impact angle to the original S-K model [6 ], which is angle independent.
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2.4 Erosion of Stellite Alloys

2.4.1 Microstructure of Stellite alloys

Stellite alloys are cobalt-based, consisting o f a high level o f chromium, a certain 

amount of tungsten or molybdenum, and a small amount o f carbon [2]. They may also 

contain other minor elements such as nickel, iron, aluminum, boron, manganese, 

phosphorus, sulphur, silicon, titanium, and so on [1]. Most Stellite alloys contain about 

four to six o f the listed elements in different proportions [1]. During solidification these 

elements control the amount and type o f carbide formed in the microstructure [1]. There 

is a strong relationship between carbon content and carbide volume fraction in a Stellite 

alloy [1]. For example, the carbides in Stellite 3 (with 2.4 wt% C) constitute 

approximately 30 wt% of the alloy [1], The two major types o f carbides formed in Stellite 

alloys are:.(l) chromium-rich primary carbides designated as M 7 C 3 ;  and (2) tungsten-rich 

eutectic carbides designated as MaC; where M represents the metal components [1]. The 

majority o f the carbides present in Stellite 6  (with 1 wt% C), for example, are the 

chromium-rich eutectic carbides; with the overall weight o f carbides about 13 wt% of this 

alloy [1 ].

The general microstructure of Stellite alloys consists o f a tougher and more 

ductile cobalt solid solution matrix (mainly containing chromium and tungsten or 

chromium and molybdenum) tangling around dispersed wear-resistant carbides [[1 ],[2 ]]. 

For the microstructures of Stellite alloys, a network o f eutectic M 7 C 3  carbides surrounds 

primary face-centred cubic (fee) cobalt dendrites, in a hypo-eutectic alloy crystal 

structure at carbon content levels below 2  wt%; while an interdendritic eutectic matrix 

sandwiches primary M 7 C 3  carbides, in a hyper-eutectic alloy crystal structure at carbon
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content levels above 2.5 wt% [39]. Solid-solution strengthened alloys are Stellite alloys 

having very low carbon content of about 0 . 1  wt% [ 1 ].

The carbides in Co-Cr-W-based Stellite alloys are generally of the Cr-rich M7C3 

type, although in high-tungsten alloys, such as Stellite 3 (30.5%Cr, 12.5%W, 2.4%C, in 

weight), tungsten-rich MgC carbides are usually present as well, as shown by the SEM 

image in Figure 2-9. Superb wear resistance is exhibited by Stellite 3 because its 

microstructure contains the two types o f carbides mentioned above, i.e., primary Cr?C3 

(in dark) and eutectic (W,Co)6C (in light). Furthermore, its improved abrasion and solid 

particle erosion resistance is also associated to its increased carbide volume fraction [2 ]. 

Although the high tungsten content makes this alloy very brittle, as found in hardfacing 

applications, its high-temperature properties are greatly ameliorated. For example, galling 

was not detected when Stellite 3 was mated with other Stellite alloys at high 

temperatures [39]. Stellite 3 also exhibited excellent metal-to-metal wear resistance [3]. 

The microstructure o f Stellite 6  (29%Cr, 4.5%W, 1%C, in weight) is shown in 

Figure 2-10; O 7C3 (dark) carbides having a laminar shape are dispersed in the Co 

solution matrix. No tungsten-rich M^C carbides are present in this alloy owing to the 

lower W content.

In addition, in low-carbon Stellite alloys, the intermetallic compounds o f C03M0 

and C0 M0 6  may form when Mo content is high, for example, in Stellte 22 and Stellite 28.
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Primary O 7C3

Eutectic (W,Co)6C ^

Figure 2-9: SEM microstructure of Stellite 3.

Figure 2-10: SEM microstructure of Stellite 6 .
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As mentioned earlier, because o f the high chromium content, Stellite alloys 

maintain superior hot corrosion, sulfidation, and oxidation resistance at elevated 

temperatures [1]. The integration of the crystallographic features of cobalt, the 

solid-solution-strengthening effects of chromium, tungsten, and molybdenum; the 

formation o f metal carbides, and the corrosion resistance provided by chromium, control 

the main properties of Stellite alloys [[1],[2],[39]]. Although Stellite alloys are mostly 

used for wear control, some of them have been encountered in high-temperature 

applications [3]. For example, Stellite 21 and Stellite 25 possess remarkable sulfidation 

and hot corrosion resistance in addition to their high strength, and consequently have 

been employed in high-temperature environments [2]. Finally, the wear resistance o f 

o t h e r  f e r r o u s  o r  n o n f e r r o u s  a l l o y s  i s  g e n e r a l l y  l o w e r  t h a n  t h a t  o f  S t e l l i t e  a l l o y s  [ 1] ,

2.4.2 Previous research in erosion of Stellite alloys

With the complex mechanisms of erosion, it is hard to predict the erosion 

resistance of Stellite alloys, simply based on their chemical composition or single 

property such as hardness [[5],[6],[15]]. For example, ductility, for Stellite alloys, can 

also be a major parameter governing their solid-particle erosion behavior [2]. As reported 

in literature, most studies in the erosion behavior o f Stellite alloys were 

experiment-based [5]. For instance, cavitation erosion behaviour of Stellite 3, Stellite 6 

and Stellite 20 was investigated by Heathcock et al. [40]. The experimental results 

showed that Stellite 3 had the highest resistance to erosion; Stellite 6 had the lowest and 

Stellite 20 had a similar erosion resistance to Stellite 6, as illustrated in Figure 2-11. The 

studies o f erosion behaviour and mechanisms of various superalloys were also
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reported [[41]-[50]]. In these studies, the solid particle erosion of nickel-based 

Inconel 625 and Inconel 600 at elevated temperatures was investigated; two heat-treated 

alloys, namely cobalt-based Haynes 188 and nickel-based Waspaloy were also studied in 

a vertical sand-blast type o f test rig with specimen temperature changed in 

steps [[41]-[50]]. The influences o f various erosion parameters including particle 

velocity, impact angle, particle size and particle concentration etc., were investigated or 

analyzed [[41]-[50]]. Analytical simulation of erosion process was performed and the 

mechanism was examined with emphasis on the interaction o f oxidation and erosion o f 

superalloys at high temperatures [[41]-[50]].
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Figure 2-11: Erosion curves of Stellite alloys [40],

However, due to the complexity of testing procedures and the multiplicity of 

affecting factors, as well as long testing duration, the studies o f erosion
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resistance/mechanisms for Stellite alloys have been very limited [[5],[40]-[50]]. The 

results obtained tend to be very sensitive to the operating conditions, which have limited 

the application, improvement and design of Stellite alloys [[5],[40]-[50]]. Therefore it is 

necessary to further perform erosion evaluation experimentally and analytically on these 

alloys, from which the mechanisms that govern the erosion process can be identified to 

mitigate or reduce the material degradation due to erosion.
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3 Chapter: Microstructural Characterization

3.1 Test Specimens

3.1.1 Alloy selection

Stellite alloys are generally classified into three main categories: (1) high-carbon 

Stellite alloys designed for wear service; (2) medium-carbon Stellite alloys used for high 

temperature service; and (3) low-carbon Stellite alloys used against corrosion or 

simultaneous corrosion and wear [1]. Therefore, the alloys studied in this research were 

carefully selected to broadly cover the last two categories, according to the application of 

Stellite alloys for erosion resistance. Five Stellite alloys were selected purposefully in 

consideration of chemical compositions. Understanding the function o f the elements 

involved in Stellite alloys is an initial important or fundamental step to understand the 

basis o f material properties. Carbon, in steels and alloys, increases hardness while 

increasing brittleness [1]. Carbon increases hardness normally by forming carbides, 

which through dispersion and solid solution strengthening, prevent slipping in the atomic 

crystal lattice [[1],[22]]. Three important alloying elements that need to be specifically 

addressed are molybdenum, tungsten and chromium as these elements play important 

roles in governing the material properties; and their contents vary among Stellite alloys. 

Molybdenum has half the atomic mass o f tungsten, thus for the same weight percentage, 

there will be an excessive atomic concentration of molybdenum compared to 

tungsten [4], Because o f this, the tendency for molybdenum-rich carbides to form is 

higher [4]. As discussed previously, the main role of both tungsten and molybdenum in 

Stellite alloys is attributed to their solid-solution strengthening [1]. The overall corrosion 

resistance o f Stellite alloys is also improved by these two elements (tungsten and

42



molybdenum) [1], When tungsten is present in large amounts, it contributes to carbide 

formation [1], as in the case o f Stellite 1 and Stellite 3, where (W,Co)6 C carbide is 

formed. Similarly, when present in large quantities, molybdenum participates and 

promotes the formation o f two inter-metallic compounds o f C0 3 M0  and C0 M0 6 , for 

example, in Stellite 22 and Stellite 28. Chromium improves the resistance to corrosion 

and oxidation and is also the main carbide former [1], As hardness and erosion resistance 

are major considerations for the Stellite alloys being studied in this research, the 

performance o f these elements is certainly a major concern in the alloy selection.

Firstly considering carbon, it is a very important element, making the carbide 

volume fraction in Stellite alloys a critical parameter [1]. These alloys contain different 

levels of carbon and are identified as low-, and medium-carbon Stellite alloy. The reason 

why high-carbon Stellite alloys were not selected for this research is that, as explained 

previously in Chapter 2, in solid-particle erosion, ductility, for Stellite alloys, can also be 

a major parameter governing their solid-particle erosion behavior [2]. High-carbon 

Stellite alloys are more brittle and less ductile, which are generally not used for erosion 

resistance but for abrasive wear and sliding wear resistance [4]. Secondly, considering the 

main strengthening element in solid solution, tungsten, these alloys were selected to 

contain varying levels o f tungsten, from zero up to a maximum of 30 wt%. Thirdly, 

considering another strengthening element in solid solution, molybdenum, these alloys 

were selected to contain varying levels of molybdenum, from zero up to a maximum of 

11 wt%. Finally, as the main element of carbide formation, chromium, takes 20 ~ 30 wt% 

in Stellite alloys. Other elements such as nickel, iron, silicon, and so on were also taken 

into account. From these considerations o f chemical composition, the effects o f main
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constituents of Stellite alloys on the hardness and erosion resistance of these alloys would 

be investigated in this research, in particular, on the hardness and erosion resistance of 

Stellite alloys at room temperature.

3.1.2 Chemical compositions

The chemical compositions (wt%) of the five alloys being studied are detailed in 

Table 3-1. For convenience, the selected five alloys were designated as alloy A, alloy B, 

alloy C, alloy D, and alloy E, respectively. These alloys have a carbon content between 

0.25 ~ 1.6%, chromium content between 22 ~ 30%, tungsten content between 4 ~ 32% 

except alloy D and alloy E which do not contain tungsten. These two alloys contain the 

least carbon contents o f 0.35% and 0.25% and the highest molybdenum contents o f 

11.8% and 11%, respectively. This group of Stellite alloys also contain small amounts o f 

nickel between 2.5 ~ 3.8%, iron between 1 ~ 3%, silicon between 0.45 ~ 2%, and 

manganese between 0.52 ~ 2%, except alloy B. Alloy A, alloy B and alloy C belong to 

medium-carbon Stellite alloys while alloy D and alloy E fall into low-carbon Stellite 

alloys. Alloy A contains the highest amount o f carbon, followed by an order o f alloy B, 

alloy C, alloy D and alloy E. Alloy D further contains an additional 2.07% of niobium 

used to improve the high temperature performance [4]. Among these alloys, alloy A and 

alloy C are conventional wrought Stellite alloys, known as Stellite 6 K and Stellite 6 B, 

respectively, which have been widely applied in various industries involving wear and 

erosion environments. Stellite 6 B, for instance, has been used for erosive wear resistance 

in the ongoing efforts in coal conservation. The remaining three alloys were newly 

developed at Kennametal Stellite Inc. Alloy B is designated as Stellite 300; alloy D and
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alloy E are Stellite 28 and Stellite 22, respectively. Stellite 300, Stellite 28 and Stellite 22 

are cast products.

Table 3-1: Chemical compositions (wt%, Co in balance) of Stellite alloys

^xE lem ent

Specim en\.

Cr W Mo C Fe Ni Si Mn Others

Alloy A 30 4.5 1.5 1 . 6 3 3 2 2

Alloy B 2 2 32 0 1.5 0 0 0 0

Alloy C 30 4 1.5 1 3 2.5 0.7 1.4

Alloy D 24.2 0 1 1 . 8 0.35 1 3.8 0.45 0.52 2.07Nb

Alloy E 27 0 1 1 0.25 3 2.75 1 1

3.2 Microstructural Analysis

3.2.1 Specimen preparation

To study the hardness and erosion performance o f Stellite alloys, especially, the 

effects of their chemical compositions on these properties, it is necessary to understand 

their microstructures first, because chemical composition determines the microstructure 

of a material. Definitely, the fabrication process also plays an important role in 

controlling the microstructure which would eventually affect the final properties of the 

material or product. Therefore, the microstructures o f the five alloys being studied were 

investigated-prior to hardness and erosion tests.

The preparation of the specimens for microstructural analysis followed the steps

below:
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(1) Cut the metallographic specimens from the main body o f the cast materials to 

approximate dimensions o f 45 x 60 x 5 mm using a cutting machine of Struers Co. 

(Secotom-10), shown in Figure 3-1, with an AI2O3 abrasive cut-off blade. The 

dimensions stated above are not a fixed standard; they could be altered depending on 

the mounting press and purpose. Care was taken to minimize excessive heating by 

employing cutting parameters of 1500 rpm spindle speed and 0.03 mm/s specimen 

advancing speed and also by following the usual precautions such as proper cooling 

conditions to avoid any microstructure alteration.

Figure 3-1: Secotom-10 cutting machine (Courtesy of Struers Co.).

(2) The specimens were mounted by encapsulating into a compression mounting 

compound. The compound was a phenolic plastic. The hot mounting press o f Struers 

Co. (laboPress-3), shown in Figure 3-2, with adjustable pressing parameters such as
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heating temperature, heating time, cooling time, and force, was used to provide heat 

(150°C ~ 180°C) and force (~ 50 MPa) for mounting.

Figure 3-2: LaboPress-3 mounting press (Courtesy of Struers Co.).

(3) Grind the surfaces of the specimens. The operations were performed automatically 

by a Buehler Ecomet-IV semi-automatic grinder, shown in Figure 3-3. The specimen 

holder of the machine is a fixed frame in which the pressure is applied on the 

specimens via the central column of the holder. Therefore, it is necessary to place the 

specimens symmetrically in order to obtain flat surfaces after grinding operation. 

Grinding operation was required to remove the surface layer o f the cast products and 

also reduce the surface damage caused by cutting. A 320 standard grit size o f silicon 

carbide (SiC) abrasive paper was used with the operation parameters: a contact head 

pressure o f 20 psi and a spindle speed of 200 rpm. The selection o f these parameters



depended on the hardness of materials. Water was used as the coolant to reduce the 

generated friction heat during grinding.

Figure 3-3: Buehler Ecomet-IV semi-automatic grinder polisher.

(4) Polish the surfaces of the specimens. The purpose o f polishing operation was to 

produce a specularly reflecting or bright mirror-like surface. The polishing operation 

included rough and final polishing steps. Rough polishing was performed to remove 

the damage produced during planar grinding. The specimens were roughly polished 

with sequentially decreasing abrasive paper grit sizes. In the next stage, the specimen 

surfaces were lightly polished with 3 pm diamond suspension and 1 pm alumina 

suspension on two specific polishing pads. For the final polishing stage, colloidal



silica suspension was used on a third specific polishing pad for 15 min. This helps to 

better reveal the microstructure of the specimens. The specimens were thoroughly 

cleaned in an ultrasonic bath, prior and after each step o f the final polishing since 

surface quality could be degraded by abrasion from the debris produced during 

polishing.

(5) Etch the specimen surfaces. After polishing, the specimen surfaces were subjected to 

electrolytic and immersion etching with the solution mixture o f 2 ~ 10 g C1O 3 in 

100 ml H2O. The etching operations were performed using a Buehler Electromet 

etcher and the apparatus setup is shown in Figure 3-4.

Figure 3-4: Apparatus setup with the Buehler Electromet etcher.
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3.2.2 Microstructure examination

The microstructure analysis of the alloy specimens was performed on a Hitachi 

Model S-570 Scanning Electron Microscope (SEM) with backscatter electron imaging 

(BEI) and energy dispersive X-ray (EDX) spectrum, shown in Figure 3-5 and on a 

TESCAN Scanning Electron Microscope (SEM) with an EDAX energy dispersive X-ray 

(EDX) spectroscopy system, shown in Figure 3-6. These two SEM systems are similar, 

but the latter is able to identify nonmetallic elements such as carbon, silicon, boron, etc. 

in the EDX analysis, providing more accurate analysis for phases present in a 

microstructure. However, the detection of carbon is inaccurate by this instrument; 

therefore the tables presented below contain only the metallic elements for each phase.

Figure 3-5: Hitachi Model S-570 Scanning Electron Microscope (SEM) with energy

dispersive X-ray (EDX) spectrum.

50



Figure 3-6: TESCAN Scanning Electron Microscope.

3.2.3 SEM images of microstructure

The SEM images of microstructures o f the five alloys at low and high 

magnifications are presented in Figure 3-7 to Figure 3-11. Stellite alloys have a 

microstructure typically consisting of complex hard carbides (mostly chromium-rich 

carbides) dispersed in a tough cobalt solid solution matrix mainly containing chromium 

and tungsten or chromium and molybdenum. Carbon is a very important element, making 

the carbide volume fraction in Stellite alloys a critical parameter [1]. Due to the presence 

o f carbides, Stellite alloys are generally brittle. However, low carbon content may 

improve the ductility o f Stellite alloys. Although other constituents such as tungsten or 

molybdenum affect the microstructure o f Stellite alloys, the carbon content generally 

determines the microstructure being either hypo-eutectic or hyper-eutectic [ 1 ].
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(a)

(b)

Figure 3-7: SEM microstructure of alloy A: (a) at low magnification and (b) at high

magnification.
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(a)

(b)

Figure 3-8: SEM microstructure of alloy B: (a) at low magnification and (b) at high

magnification.
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(a)

(b)

Figure 3-9: SEM microstructure of alloy C: (a) at low magnification and (b) at high

magnification.
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(b) ’

Figure 3-10: SEM microstructure of alloy D: (a) at low magnification and (b) at high

magnification.
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V

(b)

Figure 3-11: SEM microstructure of alloy E: (a) at low magnification and (b) at high

magnification.
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The microstructures of each alloy are discussed in details as follows, according to 

the EDX results in Figure 3-12 to Figure 3-27. The unusual black spots on some images 

are merely defects from the polishing stage. These spots are very visible in Figure 3-22 

and Figure 3-25. In Table 3-2 to Table 3-12, Wt % and At % stand for weight percent and 

atomic percent respectively.

Alloy A

This alloy has a microstructure consisting o f two phases, as shown in Figure 3-12. 

It contains a medium carbon content that increases the volume fraction o f carbides. The 

primary Co solid solution (location 1, grey) contains very high Co and also high Cr, as 

illustrated in Figure 3-13 and Table 3-2. The eutectic carbide phase CriC^ (location 2, 

dark) is dispersed in the Co solid solution matrix. The EDX results in Figure 3-14 and 

Table 3-3 show that the Ct-iCt, carbide phase contains very high Cr. The tungsten which is 

detected in Table 3-2 and Table 3-3 enhances the strength of this alloy; it also improves 

the high-temperature properties [ 1 ].

57



Co solid 
solution

Cr7C3

SEM MAG: 1.50 kx 
DM: BSE
V t o w f M d :  1 0 0 . 0  y m

S E M  H V : 2 0 . 0 0  k V  
W D :  1 0 . 0 0  m m  
D at* < m M < y » : 1 2 A H /1 2

VEGAW TESCAN
20 ym

Figure 3-12: SEM microstructure of alloy A with phases indicated for EDX analysis.
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CEX^ 3

Figure 3-13: EDX spectrum of location 1 for alloy A.
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Table 3-2: Metallic element table of location 1 for alloy A

Element W t% At %

S iK 0.87 1.79

Cr K 30.90 34.28

M nK 1.48 1.55

FeK 2 . 6 8 2.76

C oK 59.43 58.17

W M 4.65 1.45

Total 1 0 0 1 0 0

11 f t  n  »> i f 'l 'i'Ti i 1 1 rTT'f r r r r r r 1 1 1 f r r r  i 1 n  fT'i'v m " w  1t  y f  f h  H i1 rW T l
0 2 4 S 8 10 12
FuM Scale 519 cts Cursor -0,069 (46 cts)_____________________ k«V

Figure 3-14: EDX spectrum o f location 2 for alloy A.
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Table 3-3: Metallic element table of location 2 for alloy A

Element W t% At %

Cr K 53.39 57.99

M nK 1.53 1.57

FeK 2.06 2.08

C oK 38.64 37.02

W M 4.39 1.35

Total 100 100

Alloy B

This alloy has a microstructure containing three phases, as shown in Figure 3-15. 

It also has a medium carbon content that increases the volume fraction o f carbides. Due 

to the high content o f W, this alloy has primary (W,Co)gC carbide (location 1, light) that 

contains very high W and also high Co, as illustrated in Figure 3-16 and Table 3-4. The 

eutectic Co solid solution (location 2, grey) and carbide phase Cr7C3 (location 3, dark) 

contain very high Co and Cr, respectively, as shown by the EDX results in Figure 3-17, 

Figure 3-18, Table 3-5and Table 3-6.

Tungsten enhances the strength of Stellite alloys and when tungsten is present in 

large amounts, it contributes to (W,Co)6C carbide formation.. This microstructure is 

hyper-eutectic.
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O 7C 3

Co solid 
solution
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Figure 3-15: SEM microstructure of alloy B with phases indicated for EDX analysis.
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Figure 3-16: EDX spectrum of location 1 for alloy B.
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Table 3-4: Metallic element table of location 1 for alloy B

Element W t% At %

C rK 21.48 34.44

FeK 1 . 0 1 1.51

C oK 30.07 42.54

W M 47.44 21.50

Total 1 0 0 1 0 0

0 2 4 6 8 10 12
Full Scale 458 cts Cursor -0128 (0 cts)_____________________ keV

Figure 3-17: EDX spectrum of location 2 for alloy B.



Table 3-5: Metallic element table of location 2 for alloy B

Element W t% At %

C rK 25.36 33.17

FeK 2 . 2 0 2 . 6 8

C oK 47.62 54.96

W M 24.82 9.19

Total 1 0 0 1 0 0

ull Scale 458 cts Corson -0.128 (0 cts?

Figure 3-18: EDX spectrum of location 3 for alloy B.



Table 3-6: Metallic element table of location 3 for alloy B

Element W t% At %

C rK 45.52 56.83

FeK 1.51 1.76

CoK 30.35 33.42

W M 22.62 8 . 0 0

Total 1 0 0 1 0 0

Alloy C

Similar to alloy A, this alloy also has a microstructure consisting of two phases, as 

shown in Figure 3-19. But it contains much less carbon content than alloy A thus a lower 

volume fraction of carbides. Same as alloy A, the primary Co solid solution (location 1, 

grey) contains very high Co and also high Cr, as illustrated in Figure 3-20 and Table 3-7. 

The eutectic carbide phase Cr7C3 (location 2, dark) is dispersed in the Co solid solution 

matrix. The EDX results in Figure 3-21 and Table 3-8 show that the Cr7C3 carbide phase 

contains very high Cr. The tungsten which is detected in Table 3-7 and Table 3-8 

enhances the strength o f this alloy [1]. Comparing the microstructures of these two 

wrought Stellite alloys in Figure 3-7 and Figure 3-9, the carbide size o f alloy C is larger.
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Figure 3-19: SEM microstructure of alloy C with phases indicated for EDX analysis.
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Figure 3-20: EDX spectrum of location 1 for alloy C.
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Table 3-7: Metallic element table of location 1 for alloy C

Element W t% At %

Cr K 30.19 34.08

M nK 1 . 8 6 1.99

FeK 1.53 1.61

CoK 60.78 60.53

W M 5.64 1.80

Total 1 0 0 1 0 0

11,., r , , ,11,1 | iijii|ii|.<|ii|ii|.i|ii|iiyii| iinni|.<̂ «yij.|iqw|H|.iyiii|  n | r !■'! n "t"r> Try * t

0 2 4 6 8
ruH Scate 458 ds Cursor -0.068 (45 cts)

g g h d

Figure 3-21: EDX spectrum of location 2 for alloy C.



Table 3-8: Metallic element table of location 2 for alloy C

Element W t% At %

Cr K 52.78 57.30

M nK 1.35 1.39

Fe K. 1 . 1 2 1.15

C oK 40.59 38.89

W M 4.16 1.28

Total 1 0 0 1 0 0

Alloy D

This alloy contains a very low level o f C thus a small volume fraction o f carbides. 

According to the SEM images, this alloy has a microstructure consisting of two phases, 

as labeled in Figure 3-22. Molybdenum enhances the strength o f Stellite alloys, but when 

present in large quantities, it participates and promotes the formation o f two 

inter-metallic compounds o f C0 3 M0  and C0 M0 6 . This microstructure is hypo-eutectic. 

From the EDX spectrum and the associated metallic element contents in Figure 3-23 and 

Table 3-9, location 1 (grey) is the primary Co solid solution, containing very high Co and 

also high Cr. Location 2 (light) is the mixture o f Cr7C3 carbide and the intermetallic 

compounds o f C0 3 M0  and C0 M0 6 , because this area lias a high concentration o f Cr, Co 

and Mo, as demonstrated by the EDX results in Figure 3-24 and Table 3-10.
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Figure 3-22: SEM microstructure of alloy D with phases indicated for EDX analysis.

ull Scale 673 ds Cursor 0.000

Figure 3-23: EDX spectrum of location 1 for alloy D.
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Table 3-9: Metallic element table of location 1 for alloy D

Element W t% At %

SiK 0.87 1.83

Cr K 26.65 30.13

C oK 56.67 56.53

N iK 4.69 4.70

M oL 1 1 . 1 2 6.81

Total 1 0 0 1 0 0

0 2 4 6 8 10 12 14 16 18
Full Seals 673 cts Cursor 0.000 keV

Figure 3-24: EDX spectrum of location 2 for alloy D.



Table 3-10: Metallic element table of location 2 for alloy D

Element W t% At %

SiK 1.04 2 . 2 2

Cr K 27.62 31.73

C oK 51.40 52.11

N iK 3.83 3.90

M oL 16.11 10.04

Total 1 0 0 1 0 0

Alloy E

Since alloy E has a similar chemical composition to alloy D, these two alloys 

have a similar microstructure. They both contain a very low level of C thus a small 

volume fraction o f carbides, but the latter contains less C. According to the SEM images, 

this alloy has a microstructure consisting of two phases, as labeled in Figure 3-25. 

Molybdenum enhances the strength o f Stellite alloys, but when present in large 

quantities, it participates and promotes the formation o f two intermetallic compounds of 

C0 3 M0  and C0 M0 6 . This microstructure is hypo-eutectic. From the EDX spectrum and 

the associated metallic element contents in Figure 3-26 and Table 3-11, location 1 (grey) 

is the primary Co solid solution, containing very high Co and also high Cr. Location 2 

(light) is the mixture of Cr7C3 carbide and the inter-metallic compounds of C0 3 M0  and 

C0 M0 6 , because this area has high concentrations of Cr, Co and Mo, as demonstrated by 

the EDX results in Figure 3-27 and Table 3-12.
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Figure 3-25: SEM microstructure of alloy E with phases indicated for EDX analysis.
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Figure 3-26: EDX spectrum of location 1 for alloy E.
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Table 3-11: Metallic element table of location 1 for alloy E

Element W t% At %

SiK 0.57 1.21

Cr K 27.37 31.24

C oK 59.08 59.51

M oL 12.98 8.04

Total 100 100

1 I I I I  "|  V i I I I " r - T T T  1 1 1 1 » |  » I T  T  I "  |  I I » I I I ....I I I I I

0 1 2 3 4 5 6 7 8  
ull Scale 689 cts Cursor: -0.217 (0 cts)_____________________ keV

CTTTgilU a Ah v

Figure 3-27: EDX spectrum of location 2 for alloy E.



Table 3-12: Metallic element table of location 2 for alloy E

Element W t% At %

SiK 0.54 1.18

Cr K 31.42 37.04

CoK 45.63 47.46

M oL 22.40 14.32

Total 100 100



4 Chapter: Erosion Test

4.1 Experimental Preparation

4.1.1 Testing specimens

The testing specimens o f the five Stellite alloys, designated as alloy A, alloy B, 

alloy C, alloy D and alloy E, were supplied by Kennametal Stellite Inc. The specimen o f 

Alloy A was a rectangular block o f 3 x 1 x 0.125 in, as shown in Figure 4-1; and 

specimens of alloy B, alloy C, alloy D and alloy E were a rectangular block o f 

2 x 1 x 0.25 in, as shown in Figure 4-2.

Figure 4-1: Specimen geometry o f alloy A.

Figure 4-2: Specimen geometry of alloy B, alloy C, alloy D and alloy E.
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The surface preparation of the specimens for erosion test followed the steps

below:

(1) The specimens were first cleaned with warm water by gently rubbing each specimen 

surface with cotton to remove any debris stuck onto the surface. This was then 

followed by an application o f acetone to remove any grease or oil on the surface. The 

presence of grease or any impurities on the surface o f the specimen will greatly 

influence the erosion result.

(2) The cleaned specimens were then air-dried with the compressed air unit, shown in 

Figure 4-3. A wet surface could lead to the erodent particles adhering to the surface, 

eventually producing erroneous results.

Compressed 
Gas ,

Compressed
Air

Figure 4-3: Compressed air unit used for specimen cleaning.
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4.1.2 Testing facilities

The equipment used for the solid-particle erosion test in this research was an S.S. 

WHITE Airbrasive Unit. The test was conducted in an inert environment at room 

temperature, according to the ASTM Standard G76-02. The entire apparatus is made up 

of five different sections: an S.S. WHITE Airbrasive Micro-Blasting Jet Machine; an S.S. 

WHITE Airbrasive 6500 erosion chamber, a specimen and nozzle holder; an inert 

environment used to accelerate the erodent (abrasive) particles; and finally a nozzle, 

shown in Figure 4-4.

The specimen holder contains a screw that allows for the specimens to be adjusted 

and rotated at various angles so as to correspond to the different impingement angles in 

the test, as shown in Figure 4-5. Compressed nitrogen gas (inert environment) was used 

as the propellant to accelerate the abrasive particles. The erodent particle feed rate could 

not be controlled directly on the S.S. WHITE Airbrasive Micro-Blasting Jet Machine. 

The S.S. WHITE Airbrasive Micro-Blasting Jet Machine contains two knobs; one 

controls the duct opening of the erodent particle storage tank; the other controls the 

voltage to the vibrator of the erodent particle storage tank, as shown in Figure 4-6.

In order to achieve a desired particle flow rate, the latter knob is regulated in 

conjunction with the shut-off valve on the compressed nitrogen storage tank. In some 

cases, the pressure regulator on the compressed nitrogen storage tank, shown in 

Figure 4-7, can also be moved around accordingly with the purpose o f helping to adjust 

the particle flow rate. The former knob is used to set the particle impact velocity. It 

should be noted however that during the test there would always be a slight deviation 

from the desired particle flow rate as given in the tables in Appendix.
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Airbrasive Micro-Compressed 
nitrogen gas

Blasting Jet Machine
Airbrasive 6500 
erosion chamber

(a)

Specimen holder Nozzle Nozzle holder

Inside erosion 
chamber

(b)

Figure 4-4: Entire apparatus assembly o f erosion test:(a) inert environment (Compressed 

nitrogen gas); S.S. WHITE Airbrasive 6500 erosion chamber; and S.S. WHITE 

Airbrasive Micro-Blasting Jet Machine; (b) specimen and nozzle holder; and nozzle 

(Courtesy of S.S. WHITE Technologies Inc.).
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Figure 4-5: Specimen holder with screw responsible for impingement angle adjustment 

(Courtesy o f S.S. WHITE Technologies Inc.).

Knob responsible for erodent particle 
storage tank opening

r -  M tm tsm

Knob controlling 
voltage to erodent 
particle storage 
tank vibrator

Figure 4-6: S.S. WHITE Airbrasive Micro-Blasting Jet Machine with two major knobs 

(Courtesy o f S.S. WHITE Technologies Inc.).
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Tank shut-off valve

Pressure regulator

Figure 4-7: Compressed nitrogen storage tank with shut-off valve and pressure regulator.

The sand (erodent particles) used for the test were angular in shape, as shown in 

the SEM image in Figure 4-8(a). The product was commercial AccuBRADE-50 blend #3 

alpha alumina powder with an average particle size of 50 pm, supplied by S.S. WHITE 

Technologies Inc, as shown in Figure 4-8(b).
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(a)

(b)

Figure 4-8: Erodent particles - Angular AccuBRADE-50 blend #3 alpha alumina 

powder: (a) SEM morphology and (b) supplied product (Courtesy of S.S. WHITE

Technologies Inc.).
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4.2 Experimental Procedures

4.2.1 Test param eters

The erosion test was conducted according to the ASTM G76-02 Standard Test 

Method for Conducting Erosion Tests by Solid Particle Impingement Using Gas Jets, 

with the distance between the nozzle head and the tested specimen surface set to 5 mm, 

since Stellite alloys are generally very hard. At this shorter distance, reasonable damage 

could be observed on the specimen surface. This distance was determined through 

iterative trials. Two typical impingement angles, 30 degree and 90 degree, were used for 

each alloy at each particle impact velocity, in order to investigate the change o f erosion 

behavior o f these alloys at different particle impingement angles, because the erosion o f 

Stellite alloys at these two angles may be controlled by different material removal 

mechanisms. The duration time of each test was set to 10 min, which was measured via a 

stopwatch. The sand flow rate was then calculated. During testing, the voltage controller 

was adjusted to a values between 4 ~ 6 V, which could achieve a particle flow rate 

between 0.70 ~ 1.28 g/min at two particle impact velocities of 84 m/s and 98 m/s. All the 

test parameters used in this test are summarized in Table 4-1 and Table 4-2.

Table 4-1: Erosion test process parameters

Alloy Test Time Velocity Velocity Angle Angle
(min) (m/s) (m/s) (degree) (degree)

Alloy A 10 84 . 98 30 90
Alloy B 10 84 98 30 90
Alloy C 10 84 98 30 90
Alloy D 10 84 98 30 90
Alloy E 10 84 98 30 90
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Table 4-2: Erosion test condition parameters

Erodent
Particle

Average 
Particle 

size (pm)
Nozzle 

Distance (mm)
Temperature 
(degree C) Transport Medium

Aluminum
oxide 50 5 20

Compressed
nitrogen

4.2.2 Test steps

Before and after every erosion test each, specimen was weighed on a Sartorius 

scale balance with a resolution of 10'5 g, shown in Figure 4-9. The mass loss o f the 

specimen was then computed by taking the difference between the values o f the 

specimen’s mass before and after erosion testing.

Figure 4-9: Sartorius scale balance for specimen mass measurement.
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During the erosion test setup, the specimen holder was first adjusted to achieve 

the desired impingement angle and the specimen was then mounted onto the holder. Care 

should be taken when mounting the specimen onto the specimen holder to ensure that all 

the projected sand particles will hit the targeted surface without any overflow. Any sand 

particle overflow occurring will produce faulty results. The mounting procedure could be 

aided by marking-off some strategic placement locations with a permanent marker on 

both the specimen and the specimen holder, as shown in Figure 4-10.

The nozzle was mounted with the nozzle head set to a distance of 5 mm from the 

specimen surface, as shown in Figure 4-11 for an impingement angle o f 30 degree and 

Figure 4-12 for an impingement angle o f 90 degree. The S.S. WHITE Airbrasive 

Micro-Blasting Jet Machine containing aluminum oxide particles (sand) was placed on a 

Sartorius scale balance throughout the test process, as shown in Figure 4-13. The mass of 

this unit was recorded before and after running each test. The amount o f sand used in 

each test was computed by taking the difference between these two values.
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Markings on 
specimen

(a)

Markings on 
specimen 
holder

(b)

Figure 4-10: Marking used for specimen positioning; (a) on specimen and (b) on

specimen holder.
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Mounted
specimen

Nozzle distance 
(5mm) Nozzle

Figure 4-11: Nozzle mounting at an impingement angle o f 30 degree.

To achieve a desired particle flow rate and particle impact velocity, the two knobs 

on the S.S. WHITE Airbrasive Micro-Blasting Jet Machine shown in Figure 4-6, in 

addition to the shut-off valve on the compressed nitrogen storage tank were adjusted at 

the start o f each experiment. Each test was terminated after the sand impinged the 

specimen surface for 10 min.

Some alumina particles were found to adhere onto the surface of the specimen 

during testing. To avoid erroneous mass values, before reweighing the specimen, 

compressed air was used once again to clean and remove any debris on the specimen 

surface. Figure 4-14 shows the difference of the eroded surface before and after cleaning.
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Each specimen was weighed and reweighed three times and the average mass was then 

computed. This was done to minimize both human error and instrumentation error 

involved when taking each individual measurement.

Mounted Nozzle distance
specimen

Figure 4-12: Nozzle mounting at an impingement angle o f 90 degree.

86



Airbrasive 
Micro-Blasting Jet 
Machine

WHI

Sartorius
scale
balance

Figure 4-13: S.S. WHITE Airbrasive Micro-Blasting Jet Machine containing aluminum 

oxide particles placed on a Sartorius scale balance in the erosion test.
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(a)
Eroded scar with 
alumina particles 
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Eroded scar 
after cleaning

(b)

Figure 4-14: Eroded specimen surface; (a) before cleaning and (b) after cleaning

The material erosion rate was then computed. The same process was repeated four 

different times on the same testing spot o f the specimen being tested. This is to simulate 

the real-world scenario as in the case of turbine blades, the dust particles would always



impact the blade randomly once the engine is turned on, thus leading to repeated impact. 

Finally the average material erosion rate was calculated by averaging these values.

4.3 Experimental Results

4.3.1 Sand flow rate

Once the amount of sand used during each test was computed from the mass 

difference of the test unit containing aluminum oxide particles (sand) before and after 

testing, this value was used together with the erosion time recorded (10 min) to calculate 

the sand (erodent particle) flow rate with units (g/min). The alumina particle flow rate 

was then obtained by the equation as follows:

Using alloy C at a particle impact velocity o f 84 m/s and an impingement 

angle o f 30 degree as an example, where the mass of sand used is 10 g and 

erosion time is 10 min, inserting these values into equation (17) yields a sand flow 

rate o f 1 g/min.

4.3.2 Erosion rate

The averages o f mass loss for each specimen were calculated. The amount of sand 

used per test was introduced once again together with the recorded specimen mass loss to 

calculate the material erosion rate with units (pg/g). The erosion rate is expressed as the 

ratio o f the mass loss o f the target material to the mass of the erodent particle used as 

follows:

/  g  \ M a s s  o f  sand used  {g)
Sand flo w  ra te  1 ——) =  —-----:-- :--------------- ;——

' m in ' Erosion te s t  tim e  (mm)
(16)
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Erosion rate, ER
Specim en m ass loss (pg) 

M ass o f  sand used (g) (17)

Using alloy C at a particle impact velocity o f 84 m/s and an impingement angle o f 

30 degree as an example, where specimen mass loss is 2650 pg and the mass of sand 

used is 10 g, inserting these value into equation (18) yields a value for ER o f 270 pg/g.

To further minimize the experimental error, each sample point was repeated five 

or more times and the mean value was obtained. For example, the erosion rate of alloy C 

at 30 degree impingement angle and 84 m/s impact velocity was repeated five times as 

shown in Table A- 5 in the appendix. As a statistics analysis the standard deviation, a, 

was also computed. A full summary of the erosion rates and standard deviations at the 

respective velocities and angles for the five alloys are given in Table A - 1 to Table A - 10 

in the Appendix.

The average erosion rates with units (pg/g) at impact velocities o f 84 (m/s) 

and 98 (m/s) for the five alloys are given in Table 4-3 and Table 4-4 respectively. These 

data were further accompanied with plots corresponding to individual testing conditions 

within 99.73% confidence interval (mean value p  ± 3o), as shown in Figure 4-15 to 

Figure 4-18, assuming a normal distribution of the data.

As shown in Figure 4-15 at 84 m/s sand velocity and at the impingement angle o f 

30 degree, alloy A exhibited the lowest erosion rate of about 200 ± 1 1 0  (pg/g) while 

alloy E had the highest erosion rate o f about 330 ± 90 (pg/g). The figure shows an 

increasing trend o f erosion rate following an order of alloy A, followed by alloy B, 

alloy C, alloy D, and finally alloy E, which is the trend of C content in the alloys in 

decreasing order. For instance, alloy A with the highest carbon content is the most
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erosion resistant while alloy E having the lowest carbon content is the least erosion 

resistant.

In Figure 4-16, regarding the erosion rates at 84 m/s sand velocity and at the 

impingement angle of 90 degree, alloy A exhibited once again the lowest erosion rate 

about 120 ± 81 (pg/g) while alloy D had the highest erosion rate about 240 ± 160 (pg/g). 

The difference in the trend of erosion rate at the impingement angle o f 90 degree from 

that at 30 degree is that alloy C and alloy E have swap places with alloy B and alloy D 

respectively.

Table 4-3: Average erosion rates, ER (pg/g), at sand velocity of 84 (m/s)

Alloy Average ER (pg/g) 
at 30 degree

3a Average ER (pg /g) 
at 90 degree

3a

Alloy A 200 110 120 81
Alloy B 240 90 210 100
Alloy C 270 120 180 96
Alloy D 290 120 240 160
Alloy E 330 90 210 81

Table 4-4: Average erosion rates, ER (pg/g), at sand velocity o f 98 (m/s)

Alloy Average ER (pg/g ) 
at 30 degree

3a Average ER (pg /g ) 
at 90 degree

3a

Alloy A 330 190 220 110
Alloy B 350 110 300 180
Alloy C 360 130 250 110
Alloy D 430 96 270 81
Alloy E 380 140 230 • 96
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Figure 4-15: Erosion rates (pg/g) at 84 m/s sand velocity and at 30 degree

impingement angle.
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Figure 4-16: Erosion rates (pg/g) at 84 m/s sand velocity and at 90 degree

impingement angle.
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Figure 4-17: Erosion rates (pg/g) at 98 m/s sand velocity and at 30 degree

impingement angle.
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Figure 4-18: Erosion rates (pg/g) at 98 m/s sand velocity and at 90 degree

impingement angle.
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From Figure 4-17 at the sand velocity o f 98 m/s and at the impingement angle o f 

30 degree, alloy A also exhibited the lowest erosion rate o f about 330 ±190 (pg/g) while 

alloy D had once again the highest erosion rate of about 430 ± 96 (pg/g). The trend o f 

erosion rate is similar to the case o f 84 m/s sand velocity, except alloy D. It is also noted 

that the difference in erosion rate between the alloys became less, compared with the 

lower sand velocity case.

The trend of erosion rate between the alloys at the sand velocity of 98 m/s and at 

the impingement angle o f 90 degree is similar to the case o f 84 m/s sand velocity and 

90 degree impingement angle, as illustrated in Figure 4-18. Alloy A showed the lowest 

erosion rate o f about 220 ±110  (pg/g) while alloy B had the highest erosion rate o f about 

300 ± 180 (pg/g). In the lower sand velocity, alloy D had the highest erosion rate.

4.3.3 Comparison of erosion rates

Firstly, comparing the erosion rates of the five alloys between the two different 

impingement angles, as illustrated in Figure 4-19, it is clear that the erosion at 30 degree 

impingement angle resulted in higher erosion rate for all the alloys at the two different 

sand velocities. Among these alloys, the erosion rate of alloy B (the most brittle) is the 

least affected by the impingement angle while the erosion rate o f alloy E (which is the 

most ductile) is greatly influenced by the impingement angle.
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Figure 4-19: Comparison o f erosion rates for different impingement angles;

(a) at 84 m/s sand velocity and (b) at 98 m/s sand velocity.
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Secondly, comparing the erosion rates of the five alloys between the two different 

sand velocities, as illustrated in Figure 4-20, it is evident that the erosion at the higher 

sand velocity resulted in higher erosion rate for all the alloys at the two different 

impingement angles. This is in accordance with previous results observed by other 

researchers [15]. However, depending on the materials there could be a threshold velocity 

above which the erosion rate becomes independent o f impact velocity [15]. Among these 

alloys, the effect of sand velocity on the erosion rate for alloy E is the least significant. In 

particular, at the impingement angle o f 90 degree, the erosion rates of the two more 

ductile Stellite alloys, alloy D and alloy E, are barely influenced by the sand velocity.
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Figure 4-20: Comparison of erosion rates for different sand velocities;

(a) at 30 degree impingement angle and (b) at 90 degree impingement angle.

■ At 84 m/s j  
*  At 98 m/s

97



4.3.4 Erosion rate expression in volume loss

Erosion rate can be expressed in mass loss, as demonstrated above, or another

representation that can be used is the ratio of the volume loss of target material to the

mass of erodent particle used, given as

(m 3\  Specimen volum e loss (m3)
Erosion ra te, ER I —  1 =  — —-------   -------j — r—

\ g  /  Mass o f  sand  used  (g )

The material densities o f the five alloys being studied are given in Table 4-5.

Table 4-5: Target material densities (kg/m3)

Alloy
Material Density 

(kg/m3)
Alloy A 8387
Alloy B 9720
Alloy C 8387
Alloy D 8400
Alloy E 8420

These alloys have density values between 8380 ~ 8430 (kg/m3) except alloy B 

whose density is higher, about 9720 (kg/m3). Table 4-6 summarizes the erosion rate, ER 

in (m3/g), o f the five Stellite alloys.

Table 4-6: Erosion rates, ER expressed in volume loss, (m3/g) x 10'11

Alloy ER at 84 m/s 
and 30 degree

ER at 84 m/s 
and 90 degree

ER at 98 m/s 
and 30 degree

ER at 98 m/s 
and 90 degree

Alloy A 2.38 1.43 3.88 2.62
Alloy B 2.54 2.14 3.58 3.06
Alloy C 3.18 2.07 4.34 2.98
Alloy D 3.49 2.86 5.04 3.21
Alloy E 3.96 2.54 4.48 2.65
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This new expression o f erosion rate has no difference from the mass loss 

expression in nature; it would generally not affect the discussion on the erosion behavior 

o f the Stellite alloys. Since these alloys have a similar material density except alloy B, the 

trends o f their erosion rate in the two expressions would be similar. The only difference is 

for alloy B which has higher material density. For the same mass loss, higher material 

density leads to a less volume loss. This difference slightly changed the trends, for 

example, at 98 m/s sand velocity and 30 degree impingement angle, in the mass loss 

expression (Figure 4-17) alloy B has higher erosion rate than alloy A while in the volume 

loss expression (Table 4-6), the reverse is observed.

4.4 Eroded Surface Analysis

4.4.1 Erosion at 30 degree impingement angle

In order to better understand the erosion rate results and explore the erosion 

behavior/mechanisms o f Stellite alloys, the eroded surfaces were examined using SEM. 

The images of the eroded surface morphologies o f each specimen tested at 98 m/s sand 

velocity and 30 degree impingement angle are provided in Figure 4-21 to Figure 4-25.

The investigation o f erosion mechanisms of materials was initially with the 

purpose o f understanding the material removal process responsible for erosion 

degradation [25]. Two main material removal mechanisms have been suggested, which 

are the cutting and extensive/repeated deformation o f the target material [30]. The chip 

cutting mechanism explains erosion under small angles while the material removal 

process occurring during normal impingements is related to plastic distortion o f the 

surface [30]. Regarding the alloys tested in this research, the morphologies of the eroded
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surfaces in Figure 4-21 to Figure 4-25 show that the general feature o f materials under 

erosion by repeated sand impact creates a crater in the target surface, as seen in the 

images at low magnification. Due to the inclined angle (30 degree) to the target surface, 

the crater is nearly in a shape of an ellipse. Furthermore, although the chip cutting 

mechanism may be predominant for these alloys, plastic deformation was also involved. 

This can be observed in the images at high magnification. A considerable amount o f 

overhanging lip was formed in the surfaces due to repeated cutting by the sand particles. 

In the meanwhile, obvious plastic flow that squeezed the lips can be observed. This 

plastic deformation feature is also characterized by the layered rings as observed in the 

eroded surfaces at low magnification, formed from accumulated plastic deformation due 

to repeated sand impact. The overhanging lips were vulnerable, and were broken down 

and eventually removed from the surface by the continuous sand impact because they 

were brittle and laminar. In the meanwhile, the accumulated plastic deformation caused 

the delamination of the sub-surface layer. Comparing the eroded surface morphology 

between the five alloys, plastic deformation behavior is more evident on the surfaces o f 

alloy D and alloy E that contain lower C content and are more ductile. Compared to the 

other alloys, the distribution o f the lips on the surface o f alloy A looks more uniform and 

more dispersed, which implies less plastic deformation occurring in this surface. This is 

because alloy A contains higher C content thus larger volume fraction o f  carbides, which 

renders this alloy more brittle. The eroded surface of alloy B has a similar morphology to 

that o f alloy A, which may also be attributed to the larger amount of carbides owing to 

the high W content and medium C content.
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(b)

Figure 4-21: SEM images of eroded surface of alloy A tested at 98 m/s sand velocity and

30 degree impingement angle: (a) at low magnification and (b) at high magnification.



(a)

(b)

Figure 4-22: SEM images o f eroded surface of alloy B tested at 98 m/s sand velocity and 

30 degree impingement angle: (a) at low magnification and (b) at high magnification.
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(a)
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(b)

Figure 4-23: SEM images of eroded surface of alloy C tested at 98 m/s sand velocity and 

30 degree impingement angle: (a) at low magnification and (b) at high magnification.
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(a)

(b)

Figure 4-24: SEM images of eroded surface of alloy D tested at 98 m/s sand velocity and

at 30 degree impingement angle: (a) at low magnification and (b) at high magnification.
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(a)

(b)

Figure 4-25: SEM images of eroded surface of alloy E tested at 98 m/s sand velocity and

at 30 degree impingement angle: (a) at low magnification and (b) at high magnification.
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4.4.2 Erosion at 90 degree impingement angle

The images of the eroded surface morphologies of each specimen tested at 98 m/s 

sand velocity and 90 degree impingement angle are provided in Figure 4-26 to 

Figure 4-30. Since the sand impact was normal to the target surface when the 

impingement angle was 90 degree, the craters formed in the eroded surfaces had roughly 

a circular shape, as seen in the images at low magnification. Again, layered rings are 

observed in the eroded surfaces o f all the five alloys, which indicate that plastic 

deformation had occurred. Compared to the case o f 30 degree impingement angle, the 

overhanging lips generated by the sand cutting in the surfaces eroded at 90 degree 

impingement angle are relatively short, as seen in the images at high magnification. 

There is a noticeable difference in the appearance o f the eroded surface o f alloy B 

between the two impingement angle cases; at 90 degree impingement angle the surface is 

less ragged and most o f the lips were smashed. This observation can be attributed to the 

microstracture o f alloy B. Since this alloy contains a large amount o f primary (W,Co)<sC 

carbide and minor eutectic Cr7C3 carbide, this alloy is more brittle. At 90 degree angle 

erosion, the normal impact force o f the sand on the target surface was higher than that at 

30 degree angle erosion, which would break the brittle lips, leading to higher erosion 

loss.
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(b)

Figure 4-26: SEM images of eroded surface of alloy A tested at 98 m/s sand velocity and

90 degree impingement angle: (a) at low magnification and (b) at high magnification.
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(a)

(b)

Figure 4-27: SEM images of eroded surface of alloy B tested at 98 m/s sand velocity and

90 degree impingement angle: (a) at low magnification and (b) at high magnification.
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(b)

Figure 4-28: SEM images of eroded surface of alloy C tested at 98 m/s sand velocity and 

90 degree impingement angle: (a) at low magnification and (b) at high magnification.
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(a)

(b)

Figure 4-29: SEM images of eroded surface of alloy D tested at 98 m/s sand velocity and

90 degree impingement angle: (a) at low magnification and (b) at high magnification.



(b)

Figure 4-30: SEM images of eroded surface of alloy E tested at 98 m/s sand velocity and

90 degree impingement angle: (a) at low magnification and (b) at high magnification.



§ Chapter: Analytical Modeling of Erosion

5.1 Model Development Details

5.1.1 Background of model development

Erosion resistance o f materials can be evaluated experimentally. However, due to 

the high capital cost and long duration involved in erosion testing, experimental data o f 

material erosion are very limited, therefore physics-based and statistically-based erosion 

models have been developed to predict and identify the erosion resistance/mechanisms o f 

metals in order to save cost and time [[7], [25]]. These models would also be used to 

predict the service lives of materials in erosive environments. In the present research, five 

Stellite alloys were studied under erosion test at two different sand impact velocities and 

at two different impingement a n g l e s .  However, in industrial practice, a range o f Stellite 

alloys are employed in various erosive environments; and it is impossible to obtain 

erosion data for all these alloys experimentally due to the high costs and time [7], To this 

end, an erosion model for Stellite alloys was developed in this research, based on the 

experimental erosion data on the five Stellite alloys selected. This model was then 

utilized to predict the erosion rates of other Stellite alloys in various erosion conditions. It 

is known from literature review that up to date, no general, practical, predictive equations 

for the actual erosion degradation of a variety of material types have yet been developed, 

due to the large number of impact parameters encountered [[7], [15]]. Therefore, one o f 

the main focuses in the model development of this research was to improve an existing 

erosion model — the S-K model by incorporating the particle impact angle in the 

formulation.
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5.1.2 S-K model concepts

As mentioned earlier in Chapter 2, the erosion model selected for the analytical 

modeling of the present research is the S-K model [6], The form o f the erosion rate w, is 

given in equation (16), i.e,

w  = K V aDb

where w is erosion wear per erodent particle; V is the particle impact velocity; D  is the 

particle diameter; A is the velocity exponent; and B  is the diameter exponent; could be 

used for both single particle erosion and multiple particle erosion [6]. The velocity 

exponent A in equation (16) was observed to lie in the range o f 2.3 to 2.9 while the 

diameter exponent B was observed to take values o f about 3 [6]. The velocity exponent 

could go as high as 3 occasionally [6]. As the erodent particles flow across the material 

surface, fragmentation occurs, which could result in secondary damage as proposed by 

Tilly and Sage to address the high exponent observed [51]. Table 5-1 gives values o f A, 

and B  for some typical ductile materials limited to an impact velocity o f 1000 ft/s.

The S-K model was proposed to closely correlate the predicted erosion rate with 

their experimental data [6]. 6061-TO aluminum specimens with an area o f 0.5 in and a 

thickness o f 0.125 in were used for their investigations [6]. Three different types o f  

erodent particles steel, glass shot and SiC grit, were used [6]. The tests were conducted at 

impact velocities of 396, 460, 760, 960 and 1190 ft/s and at impact angles o f 20 degree 

and 90 degree, respectively [6]. In order to. accelerate the abrasive particles, compressed 

nitrogen gas contained in a firing barrel was used as the propellant and the specimen was 

positioned six inches away from the firing barrel [6]. The specimen was weighed before
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and after testing to determine the mass loss [6]. Table 5-2 gives a detail description o f the 

erodent particles.

Table 5-1: Summary o f particle velocity exponents and diameter exponents [6]

Test type Impact angle A B

Air blast, 60 mesh SiC grit on steel, Cu, A1 20 degree 2.36 N/A

Air blast, 180 mesh SiC grit on steel 20 degree 2.36-2.69 N/A

Air blast, SiC > 100 pm on steel, Cu, A1 30 degree 3 N/A

Air blast, 60 mesh SiC on many metals 20 degree 2.05-2.44 2

Air blast, SiC > 100 pm on aluminum 20 degree 2.05-2.45 3

Air blast, SiC grit on steel, Cu, A1 20 degree 2.9 3

Whirling arm, quartz grit > 125 pm on 

11% Cr-steel aluminum, etc.

90 degree 2.3 3

Whirling arm, 125-150 pm glass shot on 

aluminum

90 degree 2.4 N/A

Table 5-2: Properties o f erodent particles [6].

Material Manufacturer

Average 

diameter (in)

Average 

weight (g)

Micro-hardness

(kg/mm2)

Silicon 

carbide grit Carborundum Co. 0.1 0.0214 2400

Steel shot

Pangbom

Corporation 0.91 0.0538 700

Glass shot Braun Hel sungen 

Apparatubau

0.118 0.0298 725
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After testing, the velocity and diameter exponents were found to range between

2.3 and 3.0 in both cases o f single and multiple impacts [6]. At the impingement of 

20 degree, the values o f these exponents were higher than those at 90 degree [6]. They 

also used the S-K model to compare big single particle (roughly 2500 pm in diameter) 

erosion to the conventional multiple small particle erosion and found that the amount of 

material removed is approximately comparable for both cases [6].

5.1.3 Original S-K model formulation

During their model development process, Meyer’s relation was assumed to 

remain valid for low velocity and normal impact [6]. By computing the total energy in the 

system, a theoretical velocity indentation relation was derived [6]. The kinetic energy 

(KE) o f a spherical particle travelling with velocity V, diameter D, and mass density, pp 

and colliding at 90 degree to a surface, was given by [6]:

The work done W, by the indenting sphere to reach a penetration depth q, measured 

normal from the surface (x-direction) was given by [6]:

Utilizing Meyer’s relation to substitute for F  in equation (21), the following was 

obtained [6]:

(19)

o
(20)

o
(21)

where 3 is the rim diameter at penetration x.

115



Using Pythagoras theorem, the penetration depth * was related to the instantaneous rim 

diameter S, to obtain [6]:

2x = D — J ( D 2 - 5 2)  (22)

where D  is particle diameter. Equating the work done during the indentation process to 

the maximum value of the kinetic energy and also making use of equation (23) in 

equation (22) give:

7t _ _ 1 f d aSn+1 J
12 fyV = 2 J  ^ rf8 (23)

2 J° (D2 -  82) 2

where d  is the final value o f 5.

The following two trigonometric substitutions

(25)
S =  Dsin0

and

d =  Dsinfli (24)

were used to simplify expression (24) to obtain [6]:

n F S 4 f “ s in n + le d e  (25)

The same substitutions in equation (25) and equation (26) were employed in 

equation (23), to obtain an expression for the maximum value of x (q) as follows [6]:

—  =  1 -  cost?! (26)

The parameter dx, in equations (27) and (28), relates the particle penetration to the 

particle hardness [6].
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For simplicity, the value o f  n was set to 2 in equation (27) because they observed 

the erosion rates o f both the annealed and the work-hardened materials to be close to each 

other [6]. The more readily available values from Vickers diamond pyramid hardness 

test, Hv, were used to replace a, instead o f trying to first determine the value o f a for each 

material [6]. This was also in accordance with the fact that the Meyer’s, Brinell, and 

Vickers hardness values were similar for values o f d!D less than 0.6 [6]. The Meyer’s 

hardness (HM) was defined as [6]:

The quantity a, in the Meyer’s relation, takes the following form after substituting the 

value o f n as 2 [6]:

F n n
a = —jt = ~HM  ~ ~ H V (28)

a i  4 4

This new relation for a, was substituted in equation (27) and then integrated fully to 

obtain [6]:

When all other parameters were kept constant, Sheldon and Kanhere went further

and generated plots o f 2q/D versus V(pp/Hv)2 for values of 2q/D less than 1 using

F
(27)

3COS0! +  COS3#!

Making use o f equation (28) in equation (31) yielded [6]:



equation (32); and obtained a linear relationship between q and V [6]. Figure 5-1 shows 

the logarithmic plot of their findings.

Finally, the cube of the penetration depth q was proposed to be proportional to the 

material removal per particle w or per gram of particles of the same size [6].
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Figure 5-1: Logarithmic plot comparison of the hardness penetration theory with 

approximate average for normal impact test results [6].
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5.2 Implementation of S-K Model

5.2.1 Test of S-K model

The S-K model under investigation is as follows [6 ]:

3w ~ q s = ------ 5—  (31)
Hy2

where w is the volume of material removed per gram of particle, also known as the 

erosion rate (m3/g); D  is the particle diameter (m); V is the impact velocity (m/s); pp is 

the particle density (kg/m3); and Hv is the Vickers hardness of the target material (Pa). It

A
should be noted that the Hv hardness values are measured in (kg/mm ) but must first be 

multiplied by gravity, g  (9.81 m/s2), converting them to (Pa) before using them in the 

above erosion equation [6 ].

Using alloy C, where D  is 50 x 10' 6  m, V is 84 m/s, pp is 3890 kg/m3, and Hv is 

3.87 x 109  Pa as an example and upon inserting these values into equation (33) a value o f 

7.48 x 10' 17 m3/g is obtained for w. Utilizing the above S-K model given in equation (33), 

the predicted erosion rates in Table 5-3 for the five Stellite alloys being studied were 

obtained for particle impact velocities of 84 m/s and 98 m/s.
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Table 5-3: Predicted erosion rates by the S-K model

Alloy Particle

Diameter

(pm)

Density

Particle

(kg/m3)

Vickers 

Hardness, 

HV (GPa)

Volume loss 

at 84 m/s 

(m3/g) x 10'17

Volume loss 

at 98 m/s 

(m3/g) x 10’17

Alloy A 50 3890 4.36 6.25 9.93

Alloy B 50 3890 6.16 3.72 5.90

Alloy C 50 3890 3.87 7.48 11.9

Alloy D 50 3890 3.95 7.23 11.5

Alloy E 50 3890 3.70 8.00 12.7

5.2.2 Verification of S-K model

The experimental data o f erosion rates are in units of mass loss o f target material 

per gram of erodent particle (pg/g). In order to convert the experimental erosion rates 

from mass loss of target material per gram of erodent particle (pg/g) to volume loss o f 

target material per gram of erodent particle (m3/g), the following steps are taken:

Firstly, divide the erosion rate in units of (pg/g) by one thousand (1000) to get the 

erosion rate in units of (kg/g), as given in Table 5-4.

Table 5-4: Experimental erosion rates, ER, (kg/g) x 10‘9

Alloy

ER at 84 m/s 

and 30 degree

ER at 84 m/s 

and 90 degree

ER at 98 m/s 

and 30 degree

ER at 98 m/s 

and 90 degree

Alloy A 200 120 330 220

Alloy B 240 ‘ 210 350 300

Alloy C 270 180 360 250

Alloy D 290 240 430 270

Alloy E 330 210 380 230
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Secondly, the results in Table 5-4 are further divided by the respective densities in 

units o f (kg/m3) o f the target materials accordingly to obtain the required erosion rate in 

units o f (m3/g).

For example, using alloy C at a particle impact velocity o f 98 m/s and an impact 

angle o f 90 degree where ER is 250 x 10'9 (kg/g) and its density o f 8387 (kg/m3) yields 

an erosion rate o f 2.98 x 10'" m3/g.

After applying this same methodology to the other alloys, the results in Table 5-5 

can be obtained.

Table 5-5: Experimental erosion rates in volume loss, ER, (m3/g) x 1 0 11

Alloy ER at 84 m/s 
and 30 degree

ER at 84 m/s 
and 90 degree

ER at 98 m/s 
and 30 degree

ER at 98 m/s 
and 90 degree

Alloy A 2.38 1.43 3.88 2.62
Alloy B 2.54 2.14 3.58 3.06
Alloy C 3.18 2.07 4.34 2.98
Alloy D 3.49 2.86 5.04 3.21
Alloy E 3.96 2.54 4.48 2.65

The experimental erosion rates are in the order o f  (10 11 (m 3/ g ))  while the 

predicted erosion rates from the S-K model are in the order o f (lO -17 (m 3/g ) )  as can 

be seen in Table 5-3 and Table 5-5. Before proceeding, the predicted erosion rates were 

multiplied by a factor o f  (106 ) to correct for the difference in order. This could be 

accounted for by the fact that the S-K model was developed and then verified with 

aluminum as the target surface while the alloys under investigation are Stellite alloys [6]. 

Aluminum and Stellite alloys fall under two different categories with aluminum being 

more ductile than Stellite alloys [1].
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Thus, the appropriate erosion model equation to be used for comparison is a 

slightly modified version of the S-K model in equation (33) [6 ] and is as follows:

CiD3V*ppi
w  =  ---------3-----  (32)

Hvi

where C\ is a constant known as is the order correction factor with a value o f 1 x 106. The 

new predicted erosion rates from the S-K model are given in Table 5-6.

As can be seen in Table 5-6, at both 84 m/s and 98 m/s sand velocities, the S-K 

model predicts that alloy B has the lowest erosion rate with an approximate value of 

3.72 x 10'" m3/g and 5.90 x 10'" m3/g respectively while alloy E has the highest erosion 

rate with an approximate value o f 8.00 x 10'" m3/g and 12.7 x 10'" m3/g respectively.

Table 5-6: Predicted erosion rates from S-K model after applying 

an order correction factor

Alloy

Volume loss at 84 m/s 

(m3/g) x 1 0  "

Volume loss at 98 m/s 

(m3/g) x 1 0 '"

Alloy A 6.25 9.93

Alloy B 3.72 5.90

Alloy C 7.48 11.9

Alloy D 7.23 11.5

Alloy E 8 . 0 0 12.7

To perceive a visual comparison between the S-K model results and the

experimental data, the erosion rates from the S-K model and from the erosion test are

plotted together in Figure 5-2 and Figure 5-3.
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From the comparison in Figure 5-2 and Figure 5-3, it is observed that the 

predicted values of erosion rate from the S-K model do not best fit the experimental 

erosion rates o f the alloys under investigation. All the predicted values are higher than the 

experimental measurements. Moreover, the proposed S-K model does not account for the 

impingement angle and thus calls for modification [6].

5.3 Modification of the S-K Model

5.3.1 Statistical formulation

As demonstrated in Figure 5-2 and Figure 5-3, the S-K model over estimates the 

erosion rate when compared to the experimental data. Moreover, it is ambiguous as to 

what impingement angle the model tries to use in predicting the erosion rate [6].

In the S-K model, the erosion rate, w, is described as a function o f particle

diameter D, particle velocity, V, particle density, pp, and target material hardness, HV, 

that is, w is given as a function o f four variables, w(D, V, pp, HV) [6]. This function for 

the erosion rate is independent o f particle impact angle, a . Therefore, the first 

modification for the model is to include the impingement angle. The modified model 

contains a new erosion rate function, wl5 o f five variables, that is, w 1 (D, V, pp, HV, a).

Checking each variable in wx and considering the actual physics or mechanisms 

occurring during the erosion process, it might be customary to assume that a change in 

the particle impact angle would most likely affect the normal and tangential components 

o f the particle impact velocity on the target material [15]. This tends to affect the erosion 

mechanism occurring at each impact angle [[8], [13], [15]]. The other three variables, that 

is, particle diameter, particle density and target material hardness could be assumed
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independent of particle impact angle for the purpose of this analysis. Therefore, the 

modified particle impact velocity will be expressed as a function of particle impact angle 

and the “originally set” impact velocity from now forth. That is V\ is a function o f two 

variables, V\(V, a), expressed as:

V1 = V * K  (33)

where V\ is the modified particle impact velocity (m/s); V is the originally set particle 

impact velocity (m/s); and AT is a dimensionless function o f a, K(a), and is called the 

angle correction factor. After working through numerous fitting algorithms o f the 

experimental data in MATLAB and comparing these results to the values of w  obtained 

from equation (34) for each alloy, the proposed form o f K  for these alloys under 

investigation is found to take the following form;

K =  X b (34)

where

X = X (  a )  =  a  * (sin ( ^ ) ) 3 (35)

where a is the particle impact angle (degree); a  is a constant referred to as the shifting 

coefficient; and b is another constant called the shifting exponent. It should be noted that 

both the shifting coefficient and shifting exponent are target material-dependent, but the 

variation within Stellite alloys is very small. This suggested form o f K  is used to predict 

the erosion rate in (m3/g) at various particle impact angles at a given particle impact 

velocity for a specific Stellite alloy.
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5.3.2 Determination of constants

The compacted form o f the modified model suitable for these alloys is an 

improved version of the S-K model in equation (33) [6] and is given as:

wa = (36)3
Hv 2

Substituting equations (36) and (37) into equation (38) yields the following expression:

Equation (39) has four new parameters compared to the original S-K model in 

equation (33) [6]. To determine the two constants, a and b, in equation (39) for a given 

alloy, an iteration process using MATLAB has been taken. Taking alloy C as an example, 

Ci is 1 x 106, D  is 50 x 10-6 m, V is 84 m/s, pp is 3890 kg/m3, Hv is 3.87 x 109 Pa, a is 

30 degree and a is 90 degree, respectively, inserting these values into equation (39) and 

making trials on the values o f a and b towards the experimental erosion rates o f 

3.18 x 1 0 "  m3/g for 30 degree impingement angle and 2.07 x 10'11 m3/g for 90 degree 

impingement angle in Table 5-5 for w\, the values of a and b were determined such that 

the wi values from equation (39) reached the experimental erosion rates with an error less 

than 5%. With this fitting process, for alloy C eroded at 84 m/s sand velocity, the values 

o f a and b were determined to be 3.235 and -0.3917, respectively. Using equation (39) 

one may predict the erosion rates for alloy C at any particle impact angle.

(37)

3
Hy2
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Table 5-7 provides a summary of the values of a and b and the erosion rates 

predicted from equation (39) using the values of a and b for each alloy under 

investigation. It is found that although the values o f a and b vary from alloy to alloy these 

values are close to each other within the Stellite alloy family. Also, it is noticed that the 

values o f a and b vary insignificantly with the sand impact velocity.

Therefore, the significance of this modified model can be summarized as:

(1) For the five Stellite alloys being studied in this research, with this model at the two 

sand impact velocities used in the erosion test, the erosion rates at particle 

impingement angles between 30 degree and 90 degree can be approximately 

predicted.

(2) For these alloys, using this model at any sand impact velocity, the erosion rates at 

particle impingement angles between 30 degree and 90 degree can be estimated.

(3) For any new Stellite alloy having a similar chemical composition to one o f the five 

alloys, the erosion rates at particle impingement angles between 30 degree and 

90 degree can be estimated using this model at any sand impact velocities.
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Table 5-7: Values of constants and predicted erosion rates from the modified model

At particle impact velocity of 84 m/s

Alloy Coefficient

a

Exponent

b

Predicted ER Value 

(m3/g) x 10'" for 30 

degree

Predicted ER Value 

(m3/g) x 10'" for 

90 degree

Alloy A 3.56 -0.413 2.26 1.50

Alloy B 3.5 -0.15 2.59 2.23

Alloy C 3.235 -0.3917 3.20 2.16

Alloy D 3.452 -0.2893 3.65 2.73

Alloy E 2.95 -0.3833 3.87 2.63

At particle impact velocity o f 98 m/s

Alloy A 3.5 -0.391 3.87 2.62

Alloy B 3.45 -0.204 3.64 2.97

Alloy C 3.75 -0.3867 4.32 2.93

Alloy D 3.23 -0.3917 4.92 3.32

Alloy E 3.67 -0.4277 4.27 2.78
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6 Chapter: Discussion on Results and Correlations

6.1 Chemical Composition

6.1.1 Effects on microstructure

Chemical composition, fabrication process, heat treatment, cold and hot work, 

altogether determine the microstructure o f a material, and hence control the 

physical/mechanical properties o f its products [[6],[22],[32]]. Carbon is a very important 

element, making the carbide volume fraction in Stellite alloys a critical parameter [1]. 

Among the five alloys studied in this research, alloy D and alloy E contain considerably 

less carbon, so that they are solution-strengthened alloys. In their microstructures, as 

shown in Figure 3-22 and Figure 3-25, there are very small amounts o f carbides, but it 

should be noted that there is a certain amount of intermetallic compounds of C0 3 M0  and 

CoMog in these alloys due to the high Mo content, which increase the hardness but 

decrease the ductility o f the alloys. On the contrary, alloy A contains a very high content 

o f carbon, thus a large amount of carbides, in the form of primary Cr?C3 , as seen in its 

microstructure in Figure 3-12. In addition to carbon, other alloying elements such as Cr, 

W and Mo also play important role in the microstructures of Stellite alloys. For example, 

tungsten mostly enhances the strength o f Stellite alloys and when tungsten is present in 

large amounts, it contributes to (W,Co)6C carbide formation, as demonstrated in the 

microstructure o f alloy B in Figure 3-15, which would improve the hardness and erosion 

resistance of the alloy. Molybdenum in alloy D and alloy E also enhances the strength of 

these alloys; it also increases corrosion resistance and when in excess it forms two 

inter-metallic compounds o f C0 3 M0  and C0 M0 6 , as demonstrated in the microstructures 

of alloy D and alloy E in Figure 3-22 and Figure 3-25. Chromium is the indispensable
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element in Stellite alloys. The five alloys under investigation all contain a large amount 

o f chromium (22 ~ 30 wt%) which provides corrosion and oxidation resistance and also 

forms chromium carbides for erosion resistance. At room temperature, nickel in alloy A, 

alloy C, alloy D and alloy E stabilizes the fee form o f the matrix which increases 

machinability of these alloys [[1],[4]].

6.1.2 Relationship between microstructure and hardness

The overall (macro-) hardness test was performed for each alloy being studied in 

this research. Both the Rockwell C (HRC) hardness values and Vickers hardness (HV) 

values for this group of Stellite alloys were measured and the results are presented in 

Table 6-1. The solid solutions o f Stellite alloys are much softer than the carbide phases.

, The two common types of carbides encountered in Stellite alloys are O 7C 3 and 

(W,Co)6C. As demonstrated in the indentation test results in Table 6-1, the overall 

hardness o f each alloy is mainly controlled by the volume fraction of carbides but also by 

the amount o f the intermetallic compounds o f C0 3 M0  and C0 M0 6  in its microstructure. 

Definitely, the more carbides or C0 3 M0  and C0 M0 6  in the microstructure, the harder the 

alloy is. For example, alloy A with the highest carbon content in its chemical composition 

would be expected to be harder than alloy E with the lowest carbon content in its 

chemical composition. This is confirmed with the hardness values in Table 6-1. However 

as mentioned earlier, the addition of tungsten or molybdenum tungsten enhances the 

strength of Stellite alloys [1]. Tungsten o f 32 wt% in alloy B renders this alloy to be 

harder than alloy A and molybdenum of 11.8 wt% in alloy D promotes this alloy to be 

harder than alloy C, as demonstrated in Table 6-1. The increase in hardness for these
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alloys is attributed to the formation o f (W,Co)6C carbide or intermetallic compounds of 

C0 3 M0  and C0 M0 6 .

Furthermore, since the hardness o f the aluminum particles is approximately twice 

that o f the alloys as seen in Table 6-1, the erosion rate would be independent o f the 

erodent particle hardness [15].

Table 6-1: Hardness values of Stellite alloys

Alloy HRC HV (kg/mm2) HV (GPa)
Alloy A 44.72 444.2 4.36
Alloy B 56.8 628.4 6.16
Alloy C 40.18 394.2 3.87
Alloy D 41 403 3.95
Alloy E 38.46 377 3.70

Aluminum oxide N/A 1175 N/A

6.2 Correlations of Experimental Results

6.2.1 Erosion resistance versus microstructure

It is evident that the erosion resistance of Stellite alloys is affected strongly by 

their microstructures. On the other hand, the erosion resistance of these alloys is also 

influenced by the erosion condition, for example, the particle impact angle and velocity. 

Reviewing the erosion test data in Figure 4-15, at 84 m/s sand impact velocity and at 

30 degree impingement angle, the erosion rate of Stellite alloys is inversely proportional 

to the carbide volume fraction and the amount of intermetallic compounds. Since the 

material damage under erosion is caused by cutting and extensive/repeated deformation 

o f the target material [31], the presence o f carbides and intermetallic compounds can 

resist both actions. However, at 90 degree impingement angle, the erosion rate does not



follow this trend, as illustrated in Figure 4-16. Also the erosion rate for all the alloys 

decreases at this angle.

For metallic materials, which are relatively ductile compared to ceramics or 

glass [8 ], erosion rate initially increases with the particle impact angle until reaching the 

critical angle around 30 degree and then starts to decrease, as reported by previous 

research [7]. At a small impact angle, the impact of particles generates tensile plastic 

strain at the sub-surface o f the target material due to shearing action, which is similar to 

the mechanism of materials under sliding wear [[3],[4]]. With the repeated impact of 

particles plastic deformation is accumulated. When the accumulated strain reaches the 

material limit, the material breaks down at the sub-surface, leading to material removal 

thus erosion damage [[13],[33]]. On the contrary, at 90 degree impingement angle, 

particles impact the target surface normally, causing deformation of the surface layer. 

The normal impact generates compressive stress/strain in the surface layer. In general, 

ductile materials have higher compressive strength than tensile strength, while the 

opposite is exhibited by brittle materials [1]. This can explain the curves in 

Figure 2-2 [7]; the erosion rate o f brittle materials are more sensitive to the increase in 

particle impact angle than ductile materials. At the 90 degree impingement angle erosion 

when the compressive strain of the surface layer reaches the material limit, the layer 

spalls off from the material surface, adding to the erosion loss. Stellite alloys are known 

to possess better compressive strength than tensile strength [4]; therefore they exhibited 

higher erosion resistance at 90 degree impingement angle than at 30 degree impingement 

angle. As illustrated in Figure 4-16 and Figure 4-18, alloy B and alloy D exhibited higher 

erosion rate than the other alloys at 90 degree impingement angle. Referring to the
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microstructures in Figure 3-15 and Figure 3-22 and hardness values in Table 6-1, 

alloy B contains a very large volume fraction of carbides ( O 7 C 3  and (W,Co)6C) and 

alloy D contains a large amount of intermetallic compounds (C0 3 M0  and C0 M0 6 ), which 

render these alloys relatively brittle compared to the other alloys. Under the normal 

impact load from the sand, high stress concentration was induced in the target surface, 

causing more cracking and fracture in these alloys than in the others, leading to higher 

erosion loss.

From Figure 4-20, the erosion rate o f all the alloys increased with the particle 

impact velocity. It is also noted that the difference of erosion rate between the alloys at 

the higher velocity became less; that is, the erosion-resistant effect o f carbides and 

intermetallic compounds at high particle impact velocities was less significant. The 

reason for this may be strain hardening of the Co solid solutions. Higher particle impact 

velocity promoted the strain hardening thus enhancing the erosion resistance of the solid 

solutions. This can be demonstrated more clearly in Figure 4-20(b); alloy D and alloy E 

are low-carbon Stellite alloys and Co solid solution proportion in these alloy is relatively 

large compared with the other alloys. At 90 degree impingement angle, high particle 

impact velocity expedited the impingement of the particles on the target surface and thus 

enhanced the strain hardening o f the solid solution. The increased erosion resistance o f 

the solid solution would contribute to the increase in the overall erosion resistance of the 

alloy.
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6.2.2 Erosion resistance versus hardness

Hardness is used quite often in the field of wear resistance as a qualitative 

indicator for judging alloys, coatings, hardfacings and overlays [[4],[10],[39]]. It is 

generally accepted that the harder the material, the greater the wear resistance, for most 

materials [4]. In sliding wear hardness plays a predominant role in controlling the wear 

resistance of Stellite alloys at room temperature [52]. However, this hardness effect does 

not apply entirely for erosive wear. Relating the erosion rate data in Figure 4-15 to 

Figure 4-18 to the hardness data in Table 6-1, it was found that in a general trend the 

erosion resistance o f Stellite alloys increased with hardness, but other factors may also 

play an important role. For example, as shown in Table 6-1, alloy B is the hardest among 

the alloys discussed and alloy D is harder than alloy C, but alloy B exhibited higher 

erosion rate than alloy A and alloy D exhibited higher erosion rate than alloy C. This 

abnormal effect can be more obviously observed in the erosion test at 90 degree 

impingement angle and at 98 m/s sand velocity. In these cases, alloy B exhibited the 

highest erosion rate and alloy D is the next highest. To explore the erosion mechanism o f 

these alloys, one may consult their microstructures again. As discussed in Chapter 3, in 

addition to Cr7C3 carbide, there is also a large amount of (W,Co)6C carbide in alloy B due 

to its high W content, which increases the hardness o f this alloy. Similarly, although 

alloy D has much lower C content than alloy C, this alloy contains a large amount o f  

C0 3 M0  and C0 M0 6  intermetallic compound, which are hard and brittle. Considering the 

erosion process, as the hard sand particles impacted on the target surface, they cut and 

deformed the material, forming overhanging lips in the surface, as seen in the SEM 

images of the eroded surfaces in Chapter 4. Since alloy B and alloy D are harder, the
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cutting of them by the sand particles was more difficult, thus the overhanging lips formed 

in their surfaces would be smaller in size. Under continuous impact o f the particles, these 

lips were more easily broken down because o f the small size and brittleness, especially at 

90 degree impingement angle and at 98 m/s sand velocity. Normal impact and intense 

impingement o f the particles on the surface aggravated the breaking o f the lips, adding to 

the erosion loss. This characteristic of erosion damage can be observed in the eroded 

surface in Figure 4-27. On the other hand, the higher hardness o f alloy B and alloy D is 

attributed to the large amounts of carbides and intermetallic compounds in their 

microstructures, which make them more brittle and more vulnerable under the continuous 

particle impact.

In summary, although hardness is known as a major factor that governs the wear 

resistance of materials, it is definitely not the unique factor that determines the erosion 

performance. Extensive studies have been reported in literature showing that erosion is 

essentially a complicated process involving multiple factors and these factors may all 

affect the erosion of a material differently [15]. As observed on the experimental results 

in the present research, the sequence o f the hardness values does not correspond to the 

trend o f the erosion rate. This reconfirms the conclusion by other investigators that 

material hardness is not the unique controlling factor in erosion damage o f materials [15].

6.3 Modeling of Erosion

6.3.1 Error analysis of the modified S-K model

The S-K model developed by Sheldon and Kanhere [6 ] considers single particle 

impact on a 6061-TO aluminum surface. However, it has been proven to be applicable for
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multiple particle impact on a Stellite alloy surface after a certain modification. The 

significant deficiency of the S-K model is the lack of particle impingement angle [6 ], 

while this factor definitely affects the erosion rate, as demonstrated by the erosion tests in 

the present research. After an extensive investigation in different mathematical functions, 

the functions given by equations (36) and (37) were selected to be incorporated in the 

S-K model thus accounting for the impingement angle, which introduced one other 

variable (impingement angle, a) and two coefficients, a and b, in the new equation (39). 

As described in Chapter 5, the coefficients a and b can be determined by fitting the 

experimental data o f erosion rate to equation (39). The strategy o f this fitting was in two 

aspects: (1) Find the values o f  a and b which best fit the experimental erosion rate for a 

given Stellite alloy tested at a given particle impact velocity. (2) These values of a and b 

must be invariant with the two impingement angles 30 degree and 90 degree used in the 

erosion tests.

In the iteration process using MATLAB, the percent error, e, for the erosion rate 

was calculated as follows;

ip — T\
£ ( % ) =  —   * 100 (38)

where P is the predicted value; and T  is the experimental or the true value. For most 

engineering applications, a 5% error is generally acceptable, that is, working within a 

95% confidence interval [7]. The final errors, e, achieved in determining the values o f a 

and b for all the five Stellite alloys in the two particle impact velocity cases, are presented 

in Table 6-2. It is shown that all the errors are within the set error limit of 5%.
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Table 6-2: Error analysis for the modified S-K model

Particle impact velocity o f 84 m/s

30 Degree 90 Degree

Alloy

Experimental 

Value 

(m3/g) 

x 10'11

S-K

model

Value

(m3/g) x  

10 n

% 

Error e

Experimental 

Value (m3/g) 

x 10‘n

S-K 

model 

Value 

(m3/g) 

X 10'11 % Error e

Alloy A 2.38 2.27 4.8126 1.43 1.50 4.8215

Alloy B 2.54 2.59 2.1331 2.14 2.23 4.2087

Alloy C 3.18 3.20 0.4397 2.07 2.16 4.052

Alloy D 3.49 3.65 4.6805 2.86 2.73 4.5382

Alloy E 3.96 3.87 2.4121 2.54 2.63 3.734

Particle impact velocity o f 98 m/s

Alloy A 3.88 3.87 0.0842 2.62 2.62 0

Alloy B 3.58 3.64 1.6837 3.06 2.97 2.8992

Alloy C 4.34 4.32 0.5004 2.98 2.93 1.5745

Alloy D 5.04 4.92 2.4626 3.21 3.32 3.2189

Alloy E 4.48 4.27 4.7662 2.65 2.78 4.5964

6.3.2 Prediction of erosion rate

In order to further test and understand the modified S-K model, for the five 

Stellite alloys, at the particle impact velocities o f 84 m/s and 98 m/s, respectively, the 

erosion rates at various particle impingement angles between 10 to 90 degrees were 

predicted using the modified S-K model; the results are illustrated in Figure 6-1.
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Figure 6-1: Predicted erosion rates using the modified S-K model; (a) at 84 m/s particle 

impact velocity and (b) at 98 m/s particle impact velocity.
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It is shown that for the two particle impact velocities, the erosion rates o f all the 

alloys decreased with the impingement angle. However, according to the experimental 

findings o f previous studies [7], these alloys should behave differently at particle 

impingement angles smaller and larger than the “critical impingement angle” that may be 

around 30 degree. As described in Figure 2-2, for metallic materials, at small 

impingement angles, erosion rate increases with the increase in impingement angle until 

the angle reaches the “critical impingement angle” and thereafter the erosion rate 

decreases with impingement angle [7]. The deviation o f the predicted erosion rates from 

the experimental observation is caused by the fact that the modified S-K model was 

developed by fitting the experimental data at 30 degree impingement angle and 90 degree 

impingement angle using a statistics method. Therefore, this model has a deficiency in 

predicting the erosion rate o f Stellite alloys at impingement angles less than 30 degree. In 

particular, the erosion behaviour o f these alloys changes significantly at impingement 

angles around 30 degree.

6.3.3 Experimental errors

As discussed above, the modified S-K model was developed based on the 

experimental erosion data o f this research. However, as often encountered in all 

experiments, errors are unavoidable. In the present erosion test, for each testing 

condition, at least five data points were obtained, as shown in the tables in the Appendix. 

The values used in the modified S-K model are the averages of the erosion rates obtained 

in each testing condition. Definitely, these averages would vary with the number o f 

specimens tested, and the change o f the averages would affect the values o f the
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coefficients a and b in the modified S-K model. Therefore, the erosion rates predicted by 

the modified S-K model depend on the accuracy o f the erosion experiments from which 

the erosion rates were obtained for determination o f the coefficients a and b. There could 

be many error sources involved in the data collection. Some of these include systematic 

error; measurement error; human error, etc.
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7 Chapter: Conclusions and Further Work

7.1 Conclusions

Five Stellite alloys were selected to investigate their solid-particle erosion 

behavior in this research. These alloys are currently employed or are potential materials 

for erosion resistance applications. They contain carbon varying between 0.25 ~ 1.6 wt%, 

that is, they are classified into low-carbon, and medium-carbon Stellite alloys. For the 

main alloying element, chromium, these alloys have a content between 22 ~ 30 wt%. For 

the other two important alloying elements, they have a tungsten content between 

0 ~ 32 wt% and molybdenum content between 0 ~ 11.8 wt%. The hardness and erosion 

resistance under solid-particle impact of these alloys was investigated at room 

temperature and a modified erosion model that can approximately predict the erosion rate 

o f Stellite alloys at particle impingement angles between 30 degree and 90 degree for a 

given particle impact velocity, was developed. The relationships between chemical 

composition, microstructure, hardness and erosion resistance of these alloys were 

discussed. The damage mechanisms o f Stellite alloys under solid-particle erosion were 

studied, incorporating the analysis of eroded surfaces using SEM. The error analysis of 

the modified erosion model was made and the limitation o f the model was further 

explained. In summary, the following conclusions can be derived from this research:

1. The carbon content o f Stellite alloys is one o f the main parameters controlling their 

erosion resistance. Carbon is a very important element, making the carbide volume 

fraction in Stellite alloys a critical parameter. Tungsten and molybdenum enhance the 

strength of Stellite alloys. When these alloying elements are present in large
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quantities, they participate in the formation of carbides and intermetallics respectively. 

Increase o f both tungsten content and molybdenum content enhances the performance 

of Stellite alloys in erosive environments.

2. The damage o f Stellite alloys under solid-particle erosion involves two mechanisms. 

One is the cutting of the material, which causes overhanging lips; and the other is the 

plastic deformation o f the materials, which results in the removal o f the surface layer 

as proposed by Bitter (1963). At 30 degree impingement angle, the material damage is 

mainly controlled by the tensile plastic deformation o f the sub-surface layer due to the 

shearing effect, while at 90 degree impingement angle, the material damage is mostly 

caused by concentrated compressive stress induced in the surface layer due to the 

normal impact load.

3. The erosion rates o f Stellite alloys at the impingement angle of 30 degree were higher 

than those at the impingement angle o f 90 degree, because Stellite alloys have higher 

compressive strength than tensile strength. Also, the erosion rate of Stellite alloys 

increased with the particle impact velocity.

4. The hardness o f Stellite alloys plays an important role in affecting their erosion 

resistance. In general, the alloy that is harder would be more erosion resistant. 

However, abnormal effect o f hardness on the erosion resistance of Stellite alloys was 

observed. Since the harder surface is more resistant to deformation and cutting, the 

size o f the overhanging lips formed in the surface would be smaller, therefore, they are 

more vulnerable under continuous particle impact. On the other hand, harder Stellite 

alloys normally contain a larger volume fraction of carbides or/and intermetallics, 

which make them more brittle. Under continuous particle impact in the erosion
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process, in particular, at 90 degree impingement angle and at higher particle impact 

velocity, the surface was less resistant to concentrated compressive stress, leading to 

more cracking and fracture.

5. An erosion model, known as S-K model, originally developed by Sheldon and Kanhere 

(1972) for both single-particle erosion and multiple-particle erosion has been modified 

and then supported with testing data. The significant contribution of the present 

research to the improvement on the S-K model is that the modified S-K model has 

taken into account the effect of particle impingement angle on the erosion rate by 

introducing a new angle variable, accompanied with two other coefficients.

6. The modified S-K model was finalized by determining the two coefficients by fitting 

the experimental erosion data. Using this modified S-K model, for the five Stellite 

alloys studied in this research, the erosion rates at particle impingement angles 

between 30 degree and 90 degree, at the two particle impact velocities can be 

approximately predicted. Since the two coefficients vary rarely within the five alloys 

and also with the particle impact velocity, for any new Stellite alloy having a similar 

chemical composition to one o f the tested alloys, the erosion rates at particle 

impingement angles between 30 degree and 90 degree can be roughly estimated using 

this model at any sand impact velocity.

7. As the data used for fitting the modified S-K model were obtained from the erosion 

test at 30 degree and 90 degree impingement angles, this model has the limitation in 

predicting the erosion rates at particle impingement angles less than 30 degree. In 

addition, since the modified S-K model was obtained by fitting the experimental
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erosion data, the accuracy of the erosion experiment affects directly the predicted 

value o f the erosion rate using the model.

7.2 Future Work

1. In order to improve the modified S-K model, for a given Stellite alloy, erosion test will 

be conducted at more particle impingement angles, in particular, at the angles less than 

30 degree, and at more particle impact velocities.

2. To verify the applicability o f the modified S-K model, erosion test will be performed 

on more Stellite alloys that cover a wide range of chemical compositions.

3. Because o f the concept of “critical impingement angle” encountered in the field of 

erosion, more erosion tests will be conducted on each Stellite alloy at varying particle 

impingement angles around 30 degree in order to find out the critical impingement 

angle.

4. Furthermore, temperature influences the performance of Stellite alloys significantly, 

therefore, the erosion behavior of Stellite alloys at elevated temperatures will be 

investigated.
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Appendix: Experimental Data Sheets

Table A - 1: Test data at 84 m/s sand velocity for alloy A

Tem perature
20°C

Velocity 
84 m/s

Angle 
30 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(AI2 O3)

Test
Duration 
1 0  min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

^  (kg) (g) S (  g)
Loss
(pg) V (g/min)

ER
(Pg/g)

3 34.896 1 1 49.66 2180.00 5.50 1 . 1 0 2 0 0

3 34.878 7 49.65 1280.00 5.50 0.70 180
3 34.866 1 2 49.65 2026.67 5.50 1 . 2 0 170
4 34.131 1 0 49.63 1760.00 4.50 1 . 0 0 180
4 34.111 1 1 49.62 2 2 2 0 . 0 0 4.50 1 . 1 0 2 0 0

4 34.099 1 2 49.62 3240.00 4.50 1 . 2 0 270
Average 1 1 2117.78 1 . 1 2 0 0

STD
DEVIATION 1.9 649.90 0.19 37

Tem perature
20°C

Velocity 
84 m/s

Angle 
90 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
1 0  min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W  (kg) (8 ) 5(g)
Loss
(pg) V (g/min)

ER
(Pg/g)

2 34.384 6 49.65 486.67 5.50 0.60 81
2 34.38 4 49.65 440.00 5.50 0.40 1 1 0

2 34.373 7 49.65 806.67 5.50 0.70 1 2 0

2 34.366 7 49.64 1026.67 5.50 0.70 150
6 34.358 1 1 49.62 1600.00 4.50 1 . 1 0 150

Average 7 872.00 0.70 1 2 0

STD
DEVIATION 2 . 6 472.57 0.25 27
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Table A- 2: Test data at 98 m/s sand velocity for alloy A

Tem perature
20°C

Velocity 
98 m/s

Angle 
30 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W (kg) (g) S (  g) Loss
(pg)

V (g/min) ER
(Pg/g)

3 34.666 12 49.65 3146.67 3.75 1.20 260
3 34.644 15 49.64 4186.67 3.75 1.50 280
4 34.184 10 49.64 3880.00 4.50 1.00 390
4 34.194 11 49.64 3913.33 4.50 1.10 360
4 34.168 16 49.63 4266.67 4.50 1.60 270
7 34.164 11 49.66 4393.33 4.50 1.10 400

Average 13 3964.44 1.3 330
STD
DEVIATION

2.4 447.92 0.24 63

Tem perature
20°C

Velocity 
98 m/s

Angle 
90 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W (kg) (g) S (  g)
Loss
(pg) V (g/min)

ER
(Pg/g)

2 34.299 5 49.64 1060.00 5.50 0.50 210
2 34.279 9 49.63 1600.00 5.50 0.90 180
2 34.26 19 49.63 3773.33 5.50 1.90 200
5 34.635 12 49.64 2793.33 4.50 1.20 230
5 34.625 * 10 49.64 2826.67 4.50 1.00 280
6 34.409 10 49.62 2146.67 4.50 1.00 220

Average 11 2366.67 1.1 220
STD
DEVIATION 4.6 971.18 0.46 36
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Table A- 3: Test data at 84 m/s sand velocity for alloy B

Tem perature
20°C

Velocity 
84 m/s

Angle 
30 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A12Os)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

^ ( k g ) (g) S (  g)
Loss
(pg) V (g/min)

ER
(Pg/g)

2 34.027 8 77.03 1650.00 4.75 0.80 200
2 34.016 11 77.02 3116.67 4.75 1.10 280
2 34.006 10 77.02 2516.67 4.75 1.00 250
3 34.588 12 78.28 3133.33 4.75 1.20 260
3 34.571 17 78.28 3450.00 4.75 1.70 200
3 34.562 9 78.28 2333.33 4.75 0.90 260
6 34.328 11 76.98 2866.67 4.50 1.10 260

Average 11 2723.81 1.11 240
STD
DEVIATION 2.9 608.04 0.29 30

Tem perature
20°C

Velocity 
84 m/s

Angle 
90 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W (kg) (g) 5(g)
Loss
(fig) V (g/min)

ER
(Pg/g)

1 34.257 3 75.53 800.00 5.50 0.30 270
1 34.251 6 75.53 1233.33 5.50 0.60 200
4 34.604 9 78.02 1833.33 4.50 0.90 200
4 34.594 10 78.02 1783.33 4.50 1.00 180
4 34.585 9 78.02 2166.67 4.50 0.90 240
4 34.572 13 78.01 2250.00 4.50 1.30 170
5 34.397 12 77.67 2233.33 4.50 1.20 190

Average 8.9 1757.14 0.89 210
STD
DEVIATION 3.4 552.93 0.34 34
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Table A- 4: Test data at 98 m/s sand velocity for alloy B

Tem perature
20°C

Velocity 
9 8 m/s

Angle 
30 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W (kg) (g) 5(g)
Loss
(Pg) V (g/min)

ER
(pg/g)

2 34.715 13 77.01 4100.00 3.75 1.30 320
3 34.382 14 78.27 4850.00 4.50 1.40 350
3 34.368 14 78.27 4200.00 4.50 1.40 300
3 34.357 11 78.26 4016.67 4.50 1.10 370
3 34.343 14 78.26 5116.67 4.50 1.40 370
6 34.209 11 76.97 4366.67 4.50 1.10 400

Average 13 4441.67 1.3 350
STD
DEVIATION 1.5 443.57 0.15 36

Tem perature
20°C

Velocity 
98 m/s

Angle 
90 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(AI2 O3 )

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W  (kg) (g) 5(g)
Loss
(pg) V (g/min)

ER
(Pg/g)

4 34.852 8 78.03 1966.67 5.50 0.80 250
1 34.497 7 75.49 2416.67 5.00 0.70 350
1 34.509 7 75.50 1816.67 5.00 0.70 260
4 34.83 11 78.03 3833.33 5.50 1.10 350
1 34.516 11 75.50 2500.00 5.00 1.10 230
5 34.43 11 77.68 3916.67 4.50 1.10 360

Average 9.2 2741.67 0.92 300
STD
DEVIATION 2.0 915.71 0.20 59
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Table A- 5: Test data at 84 m/s sand velocity for alloy C

Tem perature
20°C

Velocity 
84 m/s

Angle 
30 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(a i2o 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W  (kg) (g) £(g) Loss
(pg)

V (g/min) ER
(Pg/g)

4 34.986 10 68.27 2650.00 5.00 1.00 270
4 34.961 10 68.26 2116.67 4.75 1.00 210
5 34.439 6 67.60 1733.33 4.75 0.60 290
5 34.422 9 67.60 2283.33 4.75 0.90 250
8 34.318 10 67.99 3150.00 4.50 1.00 320

Average 9 2386.67 0.90 270
STD
DEVIATION

1.7 539.08 0.17 39

Tem perature
20°C

Velocity 
84 m/s

Angle 
90 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

IF (kg) (g) S {g)
Loss
(pg) V (g/min)

ER
(Pg/g)

1 33.961 11 68.32 1700.00 5.00 1.10 160
1 35.242 5 68.31 1133.33 5.00 0.50 230
6 34.561 11 67.96 1450.00 4.50 1.10 130
6 34.551 10 67.96 1883.33 4.50 1.00 190
6 34.539 12 67.95 1983.33 4.50 1.20 170
6 34.53 9 67.95 1583.33 5.00 0.90 180

Average 9.7 1622.22 0.97 180
STD
DEVIATION

2.5 308.16 •0.25 32
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Table A- 6: Test data at 98 m/s sand velocity for alloy C

Tem perature
20°C

Velocity 
98 m/s

Angle 
30 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W (kg) (g) S (  g)
Loss
(Mg) V (g/min)

ER
(Mg/g)

4 34.71 5 68.26 1850.00 3.75 0.50 370
4 34.687 10 68.26 3133.33 3.75 1.00 310
4 34.678 9 68.25 2716.67 3.75 0.90 300
5 34.229 11 67.59 4450.00 4.00 1.10 410
5 34.218 11 67.58 4333.33 3.75 1.10 390
5 34.205 13 67.58 4666.67 3.75 1.30 360
8 34.175 11 67.99 4483.33 3.75 1.10 410

Average 10 3661.90 1.00 360
STD
DEVIATION 2.5 1096.36 0.25 43

Tem perature
20°C

Velocity 
98 m/s

Angle 
90 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W  (kg) (g) S (  g)
Loss
(Mg) V (g/min)

ER
(Mg/g)

6 34.699 10 67.97 2050.00 4.90 1.00 210
6 34.687 12 67.96 2700.00 4.90 1.20 230
6 34.679 8 67.96 2383.33 4.90 0.80 300
6 34.67 9 67.96 2366.67 4.75 0.90 260
7 34.419 11 67.95 2833.33 4.90 1.10 260

Average 10 2466.67 * 1.00 250
STD
DEVIATION 1.6 308.00 0.16 36
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Table A- 7: Test data at 84 m/s sand velocity for alloy D

Tem perature
20°C

Velocity 
84 m/s

Angle 
30 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W( k g) (g) S (  g)
Loss
(Mg) V (g/min)

ER
(Mg/g)

3 34.952 9 75.85 2783.33 4.75 0.90 310
3 34.942 10 75.84 2650.00 4.60 1.00 270
3 34.907 4 75.84 1016.67 4.50 0.40 250
4 34.543 9 75.73 2283.33 4.50 0.90 250
4 34.522 10 75.72 3250.00 4.50 1.00 330
8 34.349 9 66.97 3150.00 4.50 0.90 350

Average 8.5 2522.22 0.85 290
STD
DEVIATION 2.3 816.34 0.23 41

Tem perature
20°C

Velocity 
84 m/s

Angle 
90 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W  (kg) (g) 5(g)
Loss
(Mg) V (g/min)

ER
(Mg/g)

1 34.326 9 75.66 2300.00 5.50 0.90 260
1 34.316 10 75.65 2166.67 5.50 1.00 220
1 34.308 8 75.65 2216.67 5.40 0.80 280
1 34.3 8 75.65 2316.67 5.40 0.80 290
7 34.387 10 65.24 1616.67 4.50 1.00 160

Average 9 2123.33 0.90 240
STD
DEVIATION 1.0 289.78 0.10 52
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Table A- 8: Test data at 98 m/s sand velocity for alloy D

Tem perature
20°C

Velocity 
98 m/s

Angle 
30 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(a i2o 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

w<t e ) (8) S (  g)
Loss
(Pg) V (g/min)

ER
(Pg/g)

4 34.283 12 75.72 4883.33 4.50 1.20 410
4 34.273 10 75.71 4783.33 4.50 1.00 480
9 34.297 11 65.78 4916.67 4.50 1.10 450
9 34.254 10 65.77 3966.67 4.50 1.00 400
9 34.229 12 65.77 4933.33 4.50 1.20 410
8 34.197 12 66.96 4816.67 4.50 1.20 400

Average 11 4716.67 1.1 430
STD
DEVIATION 1.0 371.93 0.10 32

Tem perature
20°C

Velocity 
98 m/s

Angle 
90 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W  (kg) (g) S ( g)
Loss
(pg) V (g/min)

ER
(Pg/g)

5 34.807 12 67.06 2916.67 5.50 1.20 240
5 34.796 11 67.06 2883.33 5.00 1.10 260
5 34.784 12 67.06 3083.33 5.25 1.20 260
5 34.773 11 67.06 3466.67 5.25 1.10 320
7 34.454 11 65.24 3000.00 4.50 1.10 270

Average 11 3070.00 1.1 270
STD
DEVIATION 0.55 234.93 0.05 27
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Table A- 9: Test data at 84 m/s sand velocity for alloy E

Tem perature
20°C

Velocity 
84 m/s

Angle 
30 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W (kg) (g) S {  g)
Loss
(pg) V (g/min)

ER
(Pg/g)

2 35.059 7 63.24 2166.67 4.00 0.70 310
2 35.052 7 63.24 2700.00 3.75 0.70 390
3 34.488 11 62.29 3366.67 4.50 1.10 310
3 34.464 10 62.29 3316.67 4.50 1.00 330
3 34.458 6 62.29 2100.00 4.50 0.60 350
6 34.339 10 61.62 3200.00 4.50 1.00 320

Average 8.5 2808.33 0.85 330
STD
DEVIATION 2.1 574.24 0.21 30

Tem perature
20°C

Velocity 
84 m/s

Angle 
90 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
10 min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W  (kg) (g) 5(g)
Loss
(pg) V (g/min)

ER
(pg/g)

1 34.36 7 62.73 1733.33 5.00 0.70 250
1 34.352 8 62.73 1600.00 5.25 0.80 200
1 34.343 9 62.73 1833.33 5.25 0.90 200
1 34.335 8 62.72 1883.33 5.50 0.80 240
5 34.378 9 63.54 1633.33 4.50 0.90 180

Average 8.2 1736.67 0.82 210
STD
DEVIATION 0.84 122.70 0.08 27

159



Table A -10: Test data at 98 m/s sand velocity for alloy E

Tem perature
20°C

Velocity 
98 m/s

Angle 
30 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(AI2O 3)

Test
Duration 
1 0  min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W  (kg) (g) 5(g)
Loss
(Mg) V (g/min)

ER
(Pg/g)

3 34.33 13 62.28 4283.33 4.00 1.30 330
3 34.319 1 1 62.28 4666.67 3.75 1 . 1 0 420
3 34.307 1 2 62.27 3716.67 3.75 1 . 2 0 310
3 34.295 1 2 62.27 4483.33 3.75 1 . 2 0 370
7 34.286 1 1 63.13 4650.00 5.50 1 . 1 0 420
7 34.264 13 63.12 4600.00 5.00 1.30 350
7 34.241 13 63.12 4933.33 5.25 1.30 380
6 34.186 1 1 61.61 4683.33 4.00 1 . 1 0 430

Average 1 2 4502.08 1 . 2 0 380
STD
DEVIATION 0.93 366.93 0.09 45

Tem perature
20°C

Velocity 
98 m/s

Angle 
90 deg

Nozzle 
Distance 
5 mm

Erodent
Particle
(A120 3)

Test
Duration 
1 0  min

Sample
Number

Sand
Mass

Sand
Used

Sample
Mass

Sample
Mass

Vibrator
Voltage

Powder
Flow
Rate

Erosion
rate

W  (kg) (g) 5(g)
Loss
(pg) V (g/min)

ER
(pg/g)

1 34.19 7 62.70 1416.67 4.50 0.70 2 0 0

4 34.746 1 2 63.20 2400.00 5.00 1 . 2 0 2 0 0

4 34.736 1 0 63.19 2433.33 5.00 1 . 0 0 240
4 34.721 15 63.19 3033.33 4.75 1.50 2 0 0

4 34.709 1 2 63.19 3350.00 4.50 1 . 2 0 280
5 34.441 13 63.54 2783.33 4.50 1.30 2 1 0

Average 1 2 2569.44 1 . 2 230
STD
DEVIATION 2.7 670.27 0.27 32
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