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Abstract 

Stellite alloys are a family of cobalt-based superalloys that are designed for use in 

various industries, primarily for wear applications involving unlubricated systems or 

elevated temperatures. In this research a group of Stellite alloys that cover the main 

features of the Stellite alloy family are studied for hardness and wear resistance. The 

emphasis of the research is on the variations of these performances with temperature. 

These alloys are classified into low-carbon, medium-carbon and high-carbon Stellite 

alloys, respectively. The hardness of carbides and the hardness of cobalt solid solution for 

each alloy at both room temperature and elevated temperatures up to 650°C are 

investigated using a micro-hardness tester with a hot stage attached. The wear resistance 

of each alloy is evaluated at both room temperature and elevated temperatures up to 

450°C using a pin-on-disc tribometer equipped with a heating device. It has been found 

that the hardness and wear resistance of Stellite alloys behave differently at room 

temperature and at high temperatures (< 500°C). The solid solutions of Stellite alloys are 

softened at elevated temperatures and are hardened by a heating/cooling cycle (up to 

650°C) but the carbides are less sensitive to temperature variations. The wear resistance 

of Stellite alloys at room temperature is mainly dependent on their carbon content and 

also influenced by tungsten content. However, at high temperatures the wear mechanisms 

of Stellite alloys become more complex, involving multiple factors such as oxidation of 

the material surface, cracking/fracture/spalling-off of carbides, surface hardening, etc. 

The relationships between chemical composition, microstructure, hardness and wear 

resistance of these alloys, are studied, with the focus on the temperature effect on these 

relations. 
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1 Chapter: Introduction 

1.1 Synopsis of Stellite Alloys 

1.1.1 Fundamentals and features 

Stellite alloys are cobalt-based superalloys. They display a unique combination of 

mechanical and tribological properties such as high hardness and strength, superior 

adhesive and abrasive wear resistance and excellent cavitation-erosion resistance. They 

are designed for use in various industries, primarily for wear resistance applications 

involving unlubricated systems or elevated temperatures. 

Stellite alloys are a range of cobalt-chromium alloys. They may also contain 

tungsten or molybdenum and a small (< 3 wt%) but important amount of carbon. 

Therefore Stellite alloys are generally strengthened by the precipitation of carbides in the 

cobalt solid solution matrix. Many of the properties of Stellite alloys arise from the 

crystallographic nature of cobalt, the solid-solution-strengthening effects of chromium, 

tungsten, and molybdenum, the formation of metal carbides, and the corrosion resistance 

imparted by chromium. The chief difference among the individual Stellite wear-resistant 

alloys is carbon content and, thus, carbide volume fraction in the materials. Stellite alloys 

can conventionally be categorized as medium-carbon alloys and high-carbon alloys 

designed for wear service; low-carbon alloys for high temperature service; and 

low-carbon alloys to combat corrosion or simultaneous corrosion and wear [1]. 

Chromium has a dual function in Stellite alloys. It is both the predominant carbide 

former, that is, most of the carbides are chromium rich, and the most important alloying 

element in the matrix, where it provides added strength, as a solute, and resistance to 

corrosion and oxidation. Tungsten and molybdenum in Stellite alloys serve to provide 
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additional strength to the matrix. They do so by virtue of their large atomic size, that is, 

they impede dislocation flow when present as solute atoms. They also improve general 

corrosion resistance of the alloys. In addition, tungsten may participate in the formation 

of carbides when present in large quantities. 

1.1.2 Properties and applications 

The crucial characteristics of Stellite alloys include 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. These properties can be 

controlled by processing (including heat treatment) and by adjustments in composition. In 

reality, Stellite alloys are either solid-solution-strengthened alloys or 

precipitation-hardened alloys. While the former are strengthened by solid solution 

hardening, the latter are strengthened by the combination of the formation of carbides, 

precipitation, and solid solution hardening [1, 2]. Because of 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 have high wear 

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

elevated temperatures. These alloys can be used in various forms such as casting, weld 

overlays and powdered metallurgy (P/M). Stellite alloys are primarily used for wear 

resistance applications in corrosive environments and are valued for their ability to 

operate in a range of elevated temperatures beyond the ability of conventional materials, 

such as steels. 
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Stellite alloys are employed in a wide range of industries, such as aerospace, 

nuclear, mining, oil and gas, and automotive industries [4]. Within these industries, they 

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

corrosive environments or any combination of these. For instance, Stellite alloys are used 

in the aerospace industry within gas turbine engines [5]. A variety of degradation 

problems exist in aircraft gas turbine engines as a result of metal-to-metal wear, fretting, 

hot corrosion, and particle erosion. This degradation is accelerated due to the 

high-temperature conditions involved and failure of such critical equipment can be 

catastrophic. In this case, Stellite alloy is the best option. Another case of Stellite alloy 

use involves machining tools, where conventional materials would result in decreased 

service life compared to the Stellite alloy equivalents. Stellite alloys have proven to be 

beneficial in the aforementioned industries. As the use of Stellite alloys become more 

prominent, their applications will expand into more industries. 

1.2 Present Research 

1.2.1 Significance and objectives 

In many applications, Stellite alloys are required to bear high stress and to combat 

severe corrosion and wear attack at high temperatures, such as in gas turbine engines, oil 

production and refining, and mechanical manufacturing, and so on. Metallic materials 

lose their mechanical strength at high temperatures because of increased mobility of 

dislocations; hence the performance and properties of a material characterized at room 

temperature do not represent its ability at elevated temperatures. Therefore it is necessary 

to characterize the high-temperature properties of Stellite alloys. Due to the limitation of 
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testing facilities/methodologies and the complexity of analytical methods, the studies on 

high temperature behavior of Stellite alloys have not been sufficiently conducted, and 

few are reported in the literature. This significantly limits the applications of these 

materials. 

Previous research, as reported in the literature regarding the high-temperature 

properties of Stellite alloys, did not address some of the key issues: (1) The effects of 

constituents in the chemical composition of Stellite alloys on their high-temperature 

properties are important for optimization of alloy composition for high-temperature 

applications, but they were not systematically investigated. (2) Hardness is considered as 

an important material property for Stellite alloys because it is often used to correlate with 

wear resistance of materials. Stellite alloys are multi-phase alloys, but the hardness of 

individual phases of Stellite alloys was not investigated. Without this data, material 

engineers cannot design the compositions of Stellite alloys with respect to the influence 

of alloying elements on the overall hardness of Stellite alloys. (3) Although it is well 

known that hardness plays an important role in wear resistance of Stellite alloys, there is 

not enough data to ascertain the correlation of hardness and wear resistance at high 

temperatures. Particularly, the temperature-dependence variations of these critical 

properties are not understood. 

The lack of knowledge in these aspects is significantly limiting Stellite alloys' 

usage and application. It is more prevalent as applications in increased severe 

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

of these relationships involving chemical composition, microstructure, hardness, wear, 
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and temperature for Stellite alloys is crucially required, and hence it is the emphasis of 

this research. 

The present research was aimed to investigate the high-temperature hardness and 

wear resistance of Stellite alloys, with a focus on the effects of chemical composition on 

their microstructures and such properties. The variations of hardness and wear resistance 

with temperature were determined, and the correlation between these two properties was 

studied for both room temperature and elevated temperatures. The research results are not 

only beneficial for extending the application of existing Stellite alloys but also provide 

the scientific guidance for designing new Stellite alloys to be used in high-temperature 

wear-resistance conditions. 

1.2.2 Tasks and methodologies 

A group of Stellite alloys in cast state, with a wide range of chemical 

compositions in its family, were selected in this study. These alloys contain various levels 

of carbon and hence are classified as low- (< 0.5 wt%), medium- (0.5 ~ 1 wt%), and 

high-carbon (1 ~ 3 wt%) Stellite alloys, respectively. They contain the main 

solid-solution-strengthening element, tungsten, varying from zero up to 30 wt%, and 

molybdenum, varying from zero up to 5.5 wt%. As the main agent of carbide formation, 

chromium varies between 22 ~ 33.5 wt% in these Stellite alloys. 

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, a Philips XL30S FEG scanning electron 
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microscope (SEM) with an EDAX energy dispersive X-ray (EDX) spectroscopy system. 

Each phase in the microstructures was identified. 

The hardness of individual phases (cobalt solid solution, carbides, mixture of 

cobalt solid solution and carbides) for each alloy at both room temperature and elevated 

temperatures up to 650°C was determined using a Microhardness Tester Unit, Model 

SMT-X7 Dual Indenter, which enabled the hardness measurement made on individual 

(single) phases of the material. A Hot-Stage Assembly was attached to the platform of the 

Microhardness Tester Unit to achieve the temperature capacity of 650°C for the hot 

hardness test, with a cooling system equipped to maintain the unheated platform for 

operation. The indentation hardness test for each specimen was conducted at room 

temperature, 250°C, 450°C and 650°C, respectively, in a heating phase, and then for the 

same specimen, the indentation was continuously made at 450°C, 250°C and room 

temperature, respectively, in a cooling phase. The test through this temperature cycle 

could allow for exploring any impact of thermal cycle on the hardness of these materials 

by comparing the hardness value tested at the temperature in the heating phase with that 

tested at the same temperature but in the cooling phase. 

The wear resistance of each alloy was evaluated at both room temperature and 

elevated temperatures up to 450°C according to the sliding wear test using a pin-on-disc 

tribometer with a heating furnace equipped. The friction coefficients of each alloy 

specimen were determined automatically during the sliding wear tests, with the assistance 

of a software control unit that allowed for dynamically monitoring both the normal and 

friction (tangential) forces thus computing the friction coefficient in real-time. The wear 

loss of each alloy specimen was calculated based on the cross-sectional area and the 
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periphery of the wear track left in the worn surface after the wear test. The cross-sectional 

area of each wear track was estimated by taking the average of four measurements 

uniformly located along the wear track, utilizing a D150 Surface Profile Measuring 

System. The tribological behavior and wear mechanism of these alloys at room 

temperature and at elevated temperatures were studied, incorporating with the analyses of 

worn surfaces, with emphasis on temperature influence on their wear resistance. 

Based on the experimental results, the following relationships were discussed: 

(1) Microstructure versus chemical composition 

(2) Hardness of cobalt solid solution versus chemical composition 

(3) Hardness of cobalt solid solution versus temperature 

(4) Hardness of carbides versus temperature 

(5) Wear resistance versus chemical composition 

(6) Friction coefficient versus chemical composition 

(7) Friction coefficient versus temperature 

(8) Wear resistance versus temperature 

(9) Wear resistance versus hardness 

(10) Temperature dependence of relationship between wear resistance and 

hardness 

1.3 Organization of the Thesis 

This thesis is a comprehensive report of the present research. It consists of seven 

chapters that cover the introduction of this research; literature review in the area related 

to this research; microstructural analysis, hardness and wear tests, of the selected Stellite 
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alloys; discussion on the relationships between chemical composition, microstructure, 

hardness, wear resistance and temperature, as well the conclusions drawn from this 

research and 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 applications of Stellite alloys, are briefly 

introduced; the significance and objectives of the present research are stated; and the 

tasks and methodologies of this research are described. 

Chapter 2 is the literature review, which summarizes information about Stellite 

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

various properties, and previous research on these alloys with regards to the following 

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

Chapter 3 is the microstructural analysis. In this chapter, the selection of Stellite 

alloys for this research is explained; the detailed chemical compositions of each selected 

alloys are provided; the facilities and procedures for microstructural analysis of these 

alloys are described; and the results are discussed. 

Chapter 4 is the description of the hardness investigation. The significance and 

objectives of this experiment are addressed. The laboratory tools of indentation test 

utilized for this investigation are introduced. The details of the experimental procedure 

and parameters are described. The obtained experimental data are analysed. The hardness 

variations of constituent phases of the selected alloys against temperature are studied and 

discussed. 
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Chapter 5 is the description of the wear resistance evaluation. The experimental 

details of the pin-on-disc wear test are described, including the apparatus, test parameters 

and procedure. The method for wear loss calculation with the assistance of a surface 

profile measuring system is detailed. The wear resistance between the alloys at room 

temperature and at elevated temperatures is compared. The temperature effects on the 

wear resistance of the alloys are analyzed. The wear mechanisms of Stellite alloys at 

room temperature and at elevated temperatures are explored, incorporating with the worn 

surface analyses using SEM. 

Chapter 6 is the discussion on the results and correlations. This chapter can be 

considered as an integration of all the experimental results. The correlations between 

chemical composition, microstructure, hardness and wear resistance, of Stellite alloys, are 

analyzed. Temperature dependence of these properties and their correlations are 

discussed. 

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

experimental results of this research are summarized, the conclusions drawn from these 

results and the discussion are provided. The expected work that will provide further 

understanding of the high-temperature behaviour and performance of Stellite alloys are 

proposed. 
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2 Chapter: Literature Review 

2.1 Wear of Materials 

2.1.1 Mechanical components in wear environments 

Mechanical components often operate in wear, corrosive and high temperature 

environments where conventional materials would fail or cause frequent replacement. 

Typical application fields involving these environments include aerospace, automotive, 

oil production and oil refinery, chemical, nuclear, mining, and manufacturing industries. 

An example of mechanical components operating in such environments can be witnessed 

in aerospace industry, where a variety of degradation problems occur in aircraft gas 

turbine engines as a result of metal to metal wear, fretting, hot corrosion and particle 

erosion [5]. This kind of degradation is accelerated under high temperature conditions 

and failure of such critical equipment can be catastrophic. Another example is relevant to 

the automotive industry, where engines have intricate moving parts that subject these 

internal parts to wear and high temperatures from the combustion of fuels [6]. Failure of 

these parts can cause the loss of service life and reduce engine efficiencies. In the oil 

production and refining industry, mining and nuclear industry, the pumping of slurries 

and hydraulic fluids containing emulsions can wreck conventional impellers, pumps, 

valves, casings, etc., due to wear and corrosion attacks [7]. The failure of any of the 

equipment can have disastrous effects on the entire hydraulic system, and consequently 

can potentially impact the environment, surrounding workers, and have hefty economic 

loss. Finally, in the machining industry the manufacturing of products is affected by the 

equipment and materials used. For example, in machining operations cutting involves 

wear through the sliding between the cutting tool and the workpart, in particular, this 
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operation also involves temperature because of friction heat, which can expedite the wear 

of the cutting tool. Also, in machinery, wear commonly occurs on moving parts such as 

bearings, gears, crankshafts, joints, brakes, etc. [8]. Of course, in some cases, for 

example, bearing and brake applications, materials are intentionally wear-sacrificial. 

2.1.2 Materials developed for wear resistance 

Various materials have been developed for coping with wear, in order to extend 

the service life of mechanical components, and to maximize the efficiencies of the 

machines and engines containing the mechanical components. Superalloys, owing to their 

unique combinations of mechanical, tribological, corrosion, and high temperatures 

properties, make them ideal for wear-resistant applications involving unlubricated 

systems or elevated temperatures. While no one material can excel in all these properties 

over a wide range of temperature, particular operating ranges can be achieved by 

processing (including heat treatment) and by adjustments in composition of superalloys. 

These alloys are either solid solution strengthened alloys or precipitation hardened alloys. 

The former are strengthened by solid solution hardening, and the latter are strengthened 

by the combination of precipitates, solid solution hardening, and the presence of carbides 

or Laves phase [1]. Superalloys can be categorized and divided into three main classes: 

iron-based, nickel-based, and cobalt-based. 

In many industries, to reduce life cycle/maintenance costs, the reliance on 

superalloys is increasing. In the manufacturing industry, cutting tools and the mechanical 

components operating in wear environments that are made of hardened steel traditionally 

can be substituted with superalloys to extend service lives while reducing maintenance 
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and downtime. The development, use and reliance of superalloys, can have a major 

impact on any number of critical industries [8, 9]. 

2.2 Stellite Alloys 

2.2.1 Chemical compositions and microstructures 

Stellite alloys are a group of cobalt-based superalloys designed for wear 

resistance applications. It contains chromium and may also contain tungsten or 

molybdenum and a small amount of carbon. It was invented by Elwood Haynes in the 

early 1900s and later became a trademark name of the Deloro Stellite Company. Initially, 

the stainless nature and high strength of the binary cobalt-chromium alloys were 

discovered by him. Later, he introduced the Co-Cr-Mo and Co-Cr-W ternaries as he 

discovered the powerful strengthening effects of molybdenum and tungsten within the 

cobalt-chromium system. Because of their star-like luster, the alloys were named Stellite 

after the Latin word, Stella, for star. The name is a trademark of the Deloro Stellite 

Company now. During World War I, Stellite alloys were used as cutting tool materials 

because of their high strength at elevated temperatures. Later, from about 1922 cobalt-

based alloys were promoted in weld overlay form to protect surfaces from wear. To 

satisfy the need for suitable high-temperature corrosion resistant application materials, 

cobalt-base corrosion resistant alloys were developed in the 1930s and early 1940s [1]. 

The biocompatible, low-carbon content cobalt-base alloys have also been used lately as 

dental materials and surgical implants. 

There are a large number of Stellite alloys consisting of various amounts of 

cobalt, chromium, tungsten, molybdenum, nickel, iron, aluminum, boron, carbon, 
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manganese, phosphorus, sulphur, silicon, and titanium, in various proportions, most 

alloys containing four to six of these elements. The main differences in Stellite alloy 

grades are carbon and tungsten contents, which dictate the amount and type of carbide 

formation in the microstructure during solidification [1], Many of the commercial Stellite 

alloys today are little changed from those that were derived from the Co-Cr-W and 

Co-Cr-Mo combinations discovered by Elwood Haynes. Through subsequent 

modification and application for various uses, these materials have been found to have 

additional useful qualities [2]. They are corrosion resistant, heat resistant and wear 

resistant with optimized compositions for these specific environments. 

The chemical compositions and microstructures of Stellite alloys are the basis for 

understanding and predicting the mechanical behaviour and tribological properties of the 

materials. The carbon content in Stellite alloys is responsible for the microstructure and 

the type of carbides formed in these materials, which are the key strengthener of Stellite 

alloys for wear resistance. For example, at a carbon level of 2.4 wt% (for Stellite 3), the 

carbides constitute about 30 wt% of the material. These carbides are of the M7C3 

(Chromium-rich primary) and M6C (tungsten-rich eutectic) types, where M represents the 

metal components. At a carbon content of 1 wt% (for Stellite 6B), the carbides constitute 

approximately 13 wt% of the material; they are predominantly chromium-rich eutectic 

carbides of the M7C3 type [1]. Stellite alloys can conventionally be categorized as 

high-carbon (1-3 wt%) alloys designed for wear service; low-carbon (<0.5 wt%) alloys 

for high temperature service (>500°C); and low-carbon (<0.25 wt%) alloys to combat 

corrosion or simultaneous corrosion and wear. For carbon contents lower than 2 wt%, 

these alloys are hypo-eutectic with primary face-centred cubic (fee) cobalt dendrites 
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surrounded by a network of eutectic M7C3 carbides, as shown in Figure 2-1. For carbon 

contents higher than 2.5 wt%, they are hyper-eutectic and consist of primary M7C3 

carbides in an interdendritic eutectic matrix with solid solution and carbides [10], as 

shown in Figure 2-2. Other carbides formed in hypereutectic Stellite alloys include 

tungsten-rich M6C and MC, and chromium-rich M23C6. The alloys with very low carbon 

content (about 0.1 wt%) are known as solid-solution strengthened alloys. 

Cobalt imparts to its alloys an unstable fee crystal structure with a very low 

stacking fault energy (SFE). The instability arises from the fact that elemental cobalt, if 

cooled extremely slowly, transforms from an fee to a hexagonal close-packed (hep) 

crystal structure at 417°C. Because of the sluggish nature of the transformation, the fee 

structure of cobalt and its alloys is usually retained at room temperature, and hep 

formation is triggered only by mechanical stress or time at elevated temperatures. The 

unstable fee structure and its associated low SFE are believed to result in high yield 

strength, high work-hardening rate due to the interaction between stacking faults, less 

susceptible to fatigue under cyclic stress due to the lack of cell walls within the 

plastically deformed zones, the ability to relax stress through transformation of the 

structure to hep. The first three of these attributes are believed to be important in 

preventing material damage during sliding wear. The last two are believed to be 

responsible for the outstanding resistance to cavitation and erosion-corrosion of Stellite 

alloys [2, 3]. While cobalt is a major source for the properties of Stellite alloys, there are 

additional properties gained from other alloying elements. 
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M7C3 carbide 

Figure 2-1: Microstructure of Stellite 6 (1.2 wt% C) - a hypo-eutectic microstructure. 

M7C3 carbide 

(W,Co)6C carbide 

Figure 2-2: Microstructure of Stellite 3 (2.4 wt% C) - a hyper-eutectic microstructure. 
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Addition of Chromium, usually between 20 ~ 30 wt% [11], is known to be highly 

resistant to corrosion [12] and erosion [7]. Chromium has a dual function in Stellite 

alloys. It is firstly, the predominant carbide former, through the formation of Metal 

carbides M7C3 and M23C6 [13]. The most common carbide in Stellite alloys is of 

chromium-rich M7C3 type, although chromium-rich M23C6 carbides are also abundant in 

low-carbon alloys. Secondly, it is the most important alloying element in the matrix, 

where it provides added strength, as a solute, and resistance to corrosion and oxidation. 

Chromium imparts favourable characteristics to the alloys. The addition of chromium 

(about 15-30 wt%) improves oxidation resistance and corrosion resistance to oxidizing 

solutions. Common alloying elements of Stellite alloys also include Mo and W. These 

elements have similar effects on Stellite alloys. The effects of Mo (up to 28 wt%) and W 

(between 4-17 wt%) are known to contribute to the solid-solution hardening [12] and 

also add to the strength of the material by forming primarily MeC carbides along with 

MC carbides and inter-metallic phases, such as Co3(Mo,W) [13, 14], but most of the W 

remains in the cobalt solid solution [15]. The addition of molybdenum also significantly 

improves resistance to non-oxidizing acids [1, 3]. W and Mo add strength due to their 

large atomic sizes which impede dislocations and slips. The effect of Mo by comparable 

weight percentage to W results in double the atomic concentration of Mo because the 

atomic mass of Mo (94.94 g) is half that of W (183.84 g) [11]. However, it is important to 

note that both Mo and W have high coefficients of friction, and due to this, W and Mo are 

generally not suitable for sliding applications in their pure forms [3], but as alloying 

elements their contributions can add strength to Stellite alloys. 
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There are a large number of Stellite alloys composed of various amounts of other 

alloying elements such as nickel, iron, aluminum, boron, carbon, manganese, 

phosphorus, sulphur, silicon, and titanium. These alloying elements are in various 

proportions, with most alloys containing four to six of these elements. For instance, 

additions of alloying elements of Ni, Cu or Fe promote the stability of the fee structure, 

however, they increase the SFE of Co-rich matrix, which is stable at high temperatures up 

to its melting point of 1495°C (1768 K). On the contrary, Cr, Mo and W offer stability at 

low-temperatures with hep structures decreasing the SFE [14]. These two groups of 

elements are key in managing the SFE of Stellite alloys as an increase in the SFE results 

in a greater tendency for cross-slip of dislocations to occur on {111} planes and poor 

erosion resistance [7]. 

2.2.2 Hardness and tribological properties 

Most of Stellite alloys (low-carbon Stellite alloys excluded) possess very high 

hardness, between HRC 40 ~ HRC 63, as they contain a high proportion of hard, 

wear-resistant carbides along with a hard solid-solution interface, which make them very 

suitable working in wear conditions. Stellite alloys retain their hardness at temperatures 

in excess of 760°C. 

Wear, in general, can be defined as the interaction between surfaces resulting in 

the removal of material. Wear can act in a number of modes, but three main types of wear 

include abrasive wear, adhesive wear and erosive wear which categorize the field of 

tribology [ 16, 17]. 
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Abrasive wear is encountered when hard particles, or hard projections, are forced 

against, and move relative to, a surface. The abrasive resistance of the Stellite alloys 

which contain a hard phase, generally increases as the volume fraction of the hard phase 

increases. Abrasion resistance is, however, strongly influenced by the size and shape of 

the hard phase precipitates within the microstructure, and the size and shape of the 

relative particle. As shown in Figure 2-3, there are three main abrasive wear mechanisms: 

microploughing, microcutting and microcracking. Microploughing occurs when the hard 

phase ploughs into the material and a fraction of the material is ploughed to the edges but 

not lost. Microcutting takes this a step further and the grove formed is equal to the 

material lost. Further, microcracking occurs when the grooved material causes cracks 

beneath and at the material surface in a volume larger than the affected grove. These 

abrasive wear mechanisms can occur simultaneously [16, 17]. 

Adhesive wear generally occurs by three mechanisms: oxide control, contact 

stress, subsurface deformation and fatigue. Therefore, the Stellite alloys which perform 

well under sliding conditions do so either by virtue of their oxidation behavior or their 

ability to resist deformation and fracture. Examples of the adhesive wear mechanisms are 

shown in Figure 2-4, depicting adhesive wear through friction of the asperities and 

Microploughing Microcutting Microcracking 

Figure 2-3: Mechanisms of Abrasive Wear [17] 
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deformation in the intermediate layer between the two surfaces, as well as, the formation 

of an oxide film [16, 17]. 

microjoint 

separation 

- reaction layer 

(b) 

Figure 2-4: Mechanism of Adhesive Wear: (a) deformation of asperities and (b) 

deformation of an oxide film [17] 

Erosion wear can be classified into solid-particle erosion, slurry erosion or 

liquid-solid particle erosion, liquid-droplet erosion and cavitation erosion. The first two 

types of erosion are caused by the impingement of small, solid particles against a surface. 

With the complex mechanisms of the erosions, however, the general abrasion mechanism 
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may not be warranted. For example, in solid-particle erosion, ductility of Stellite alloys 

can also be a factor. As for the last two types of erosion, the performance of Stellite 

alloys largely depends on their ability to absorb the shock (stress) waves without, 

essentially, microscopic fracture. The carbide volume fraction, hence bulk hardness, has 

very little effect on resistance to these erosions [16, 17]. 

The importance of these wear mechanisms is that they can occur simultaneously, 

resulting in severe operating conditions. Stellite alloys can sustain these types of abrasion 

due to primarily their solid-solution or carbide hardness. 

2.2.3 Mechanical properties 

Stellite alloys possess high Young's modulus and tensile strength, but, in general, 

low elongation due to the nature of their microstructures. The presence of the large 

amount of carbides renders these alloys very brittle, but low-carbon Stellite alloys, that is, 

solution-strengthened Stellite alloys, have better ductility. The requirements of high 

mechanical strength for Stellite alloys are principally assessed by measurements of 

short-time tensile properties, creep deformation or stress-rupture properties — the 

material is subjected to a steadily maintained stress at a constant temperature, and the rate 

of deformation is monitored continuously over periods of thousands of hours, or the time 

to fracture determined. The strengthening of Stellite alloys is provided in part by 

solid-solution strengthening of the matrix, and in part by precipitation of carbides. The 

morphology and location of the carbide precipitates influence the strengthening effect 

and, for the optimum improvement, precipitation both at grain boundaries and within the 

grains is required. At the grain boundaries the precipitates prevent gross sliding and 
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migration of the boundaries, and when present in sufficient quantities may form a skeletal 

network which can, to an extent, support some of the imposed stress. Intragranular 

precipitation strengthens the matrix by providing obstacles to the movement of 

dislocations and thus inhibiting crystallographic slip [1]. The distribution of the carbides 

is determined in any alloy initially by the solidification conditions — the pouring 

temperature of the melt and the cooling rate both during and after solidification. 

The short-time tensile properties of Stellite alloys can be relevant to the 

manufacturing operations involved in producing components — the ductility in particular 

controls the amount of hot or cold working that can be imposed. The properties depend to 

a large extent on the form and thermal history of the material, as shown for Stellite 21 in 

Figure 2-5 [2]. In the as-cast condition the tensile elongation is about 8% at room 

temperature and rises fairly steadily with increasing the temperature. After the alloy was 

aged for 50 hours at 732°C, however, hardening by carbide precipitation reduced the 

room-temperature elongation to 1 ~ 2%, and recovery of the ductility only occurred at 

temperatures above the aging temperature. Wrought alloys generally have much higher 

tensile elongation than cast alloys. The high ductility makes them particularly suitable for 

the manufacturing of sheet metal components by either hot or cold forming. 

Stellite alloys exhibit rapid hardening with respect to cold work when their 

compositions are not fully stabilized relative to fee —> hep transformation [18]. This 

behaviour is illustrated for the solid-solution strengthened alloys (low-carbon Stellite 

alloys) —Stellite 25 (0.1 %C and 10%Ni in weight) and Stellite 188 (0.1 %C and 22%Ni 

in weight) in Figure 2-6, which includes the data for nickel-based alloy Nistelle 625 

(0.1 %C, 21.5%Cr, 9%Mo) for comparison. In contrast, the hardening characteristics of 
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Stellite 188, which is fully stabilized due to the high Ni content, are very similar to those 

of nickel-based Nistelle 625. As one would expect, the hardening response are reflected 

in the corresponding yield strength values obtained, as shown in Figure 2-7. Surprisingly, 

however, the residual levels of ductility observed for the Stellite alloys tended to be 

higher than those of the nickel-based alloy, as illustrated in Figure 2-8. These data clearly 

indicate that metastable cobalt-based compositions require higher levels of force during 

forming operations. Stable compositions, on the other hand, should have forming 

characteristics similar to nickel-based alloys. Stellite 6 exhibited better thermal fatigue 

properties than hot work tool steel X32CrMoV33 [19]. It was found to be much more 

resistant to oxidation and temper softening, as shown in Figure 2-9 and Figure 2-10, 

respectively, providing a superior resistance to thermal fatigue cracking with few and 

relatively shallow cracks after as many as 5000 thermal cycles. 
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Figure 2-5: Tensile properties of Stellite 21: (a) tensile strength and (b) elongation [2]. 
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Figure 2-6: Work hardening behaviour of Stellite alloys and nickel-based alloy [18]. 
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Figure 2-7: Room-temperature 0.2% yield strength versus percent cold work of Stellite 

alloys and nickel-based alloy [18]. 
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Figure 2-8: Room-temperature tensile elongation versus percent cold work of Stellite 

alloys and nickel-based alloy [18]. 
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Figure 2-9: Weight gain in thermal gravimetric analysis (TGA) of tested materials 

as a function of temperature [19]. 
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Figure 2-10: Change in hardness of tested materials with increasing number of thermal 

fatigue cycle [19]. 
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2.2.4 Corrosion properties 

Stellite alloys, in general, are resistant to various corrosive media and oxidation, 

owing to the high Cr content. Single-phase alloys are more resistant to corrosion than 

multi-phase alloys due to the lack of interfaces between phases. Therefore from a 

corrosion standpoint, Stellite alloys can be broadly classified into two categories. The 

alloys containing low levels of carbon (about 0.025 -0.15 wt%) are intended for use in 

severely corrosive environments, at high temperatures, or where ductility is an important 

consideration, due to less interfaces in their microstructures, while the alloys having high 

carbon contents (1 to > 3%) exhibit high hardness, and provide resistance to low-stress 

abrasion, in addition to other forms of wear, but they exhibit low ductility [1]. Although 

the high-carbon content Stellite alloys possess some resistance to aqueous corrosion, they 

are limited by grain boundary carbide precipitation, the lack of vital alloying elements in 

the matrix materials, and by chemical segregation in the microstructures. Examples of 

these alloys are Stellite 1, Stellite 6, Stellite 12 and Stellite 21. Regarding the role of 

various alloying elements, Cr, Mo, and W, are highly soluble in both the fee and hep 

atomic forms of cobalt. Chromium is added to Stellite alloys to provide passivity over a 

wide range of potentials and resistance to oxidation. Molybdenum and tungsten enhance 

resistance to corrosion within the active regime. Nickel serves to stabilize the fee 

structure with a view toward improved ductility during service and also improves 

resistance to mineral acids and stress-corrosion cracking [3]. 

Corrosive media, acids, can be either oxidizing or reducing in nature. Some 

metals are resistant to oxidizing acids such as nitric while others are resistant to reducing 

acids such as hydrochloric and sulfuric. The studies on the corrosion resistance of a 
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number of Stellite alloys, such as Stellite 21, Stellite 25, Stellite 6B and so on, in 

sulphuric acid (H2SO4) and hydrochloric acid (HC1), reported that regardless of their Cr 

and Mo contents these alloys exhibited similar corrosion resistance in dilute H2SO4. In 

H2SO4 and HC1, the Co content governs the behaviour of Stellite alloys as long as 

minimum amounts of Cr and Mo or W are present [15]. The corrosion resistance of 

Stellite alloys to diluted nitric acid (HNO3) is very good due to appreciable amounts of Cr 

present. However, in concentrated HNO3 medium Stellite 6B, which has high Cr content, 

exhibited high corrosion rate, while Stellite 25, which contains lower Cr content, showed 

low corrosion rate. This could be a consequence of the high carbon content of Stellite 6B. 

High C and Cr are present intentionally in this alloy to form chromium carbides for 

abrasive resistance, but concentrated HNO3 is known to attack high-Cr phases such as 

o-phase and Cr-rich carbides. 

The resistance to localized corrosion (pitting and crevice corrosion) of Stellite 

alloys is generally determined by the Cr, Mo and W contents, which is measured by 

immersion tests in oxidizing chloride solutions or by electro-chemical tests in chloride 

solutions. The experimental results of Stellite 21, Stellite 25, Stellite 6B in an oxidizing 

chloride-containing solution demonstrated that Stellite 25 exhibited the highest resistance 

to corrosion and Stellite 6B exhibited a high corrosion rate. The alloys with high levels of 

W, for example, Stellite 25, and high Cr plus Mo, for example, Stellite 21, showed lower 

corrosion rates [15]. 

Stellite alloys can be used to combat hydrogen embrittlement where steels fail by 

this mechanism. Susceptibility to hydrogen embrittlement is closely related to yield 

strength. Since Stellite alloys can be processed to achieve much higher yield and tensile 
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strengths than most of nickel-based alloys, the potential for hydrogen embrittlement in 

Stellite alloys may be higher. Annealed Stellite alloys do not show significant 

susceptibility to hydrogen embrittlement, even in the most severe hydrogen-charging 

conditions. Stellite alloys also exhibit excellent resistance to high-temperature corrosive 

attack including oxidation, sulfidation and carburization [20]. 

Corrosion and oxidation behaviour of Stellite alloys can be influenced by addition 

elements such as Ni, Cu or Mo [20]. Six alloys that have close contents of C, Cr and W 

but different contents of Ni, Cu and Mo, as shown in Table 2-1, were tested for corrosion 

resistance in 10%H2S04 and in an aqueous solution containing the following chemicals 

28%P204+13%H2S04+2%HF, respectively, at room temperature for 192 hours, and at 

60°C in 28%P204+13%H2S04+2%HF for 140 hours. 

Table 2-1: Compositions (wt%, Co in balance) of Stellite alloys for corrosion tests 

Alloy C Cr W Ni Cu Mo 

Specimen 1 2.1 31 12.3 

Specimen 2 2.1 32.2 12.5 19.5 

Specimen 3 2.2 32.2 13.9 18.8 8.9 

Specimen 4 2.3 32 14 9.4 

Specimen 5 2.1 32.2 13.1 17.6 4.3 

Specimen 6 2.2 31 15.2 18.2 4 8.7 

The experimental results plotted in Figure 2-11 show that the weight losses in 

both solutions are fairly similar. The alloy with additions of Ni and Cu remained passive 
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throughout the test. Relatively high weight losses were recorded only for the alloy with 

additions of Ni, Cu and Mo. This can be ascribed to the precipitation of copper particles 

within the alloy matrix. The temperature has a significant effect on the corrosion attack to 

the alloys. Molybdenum can greatly improve the corrosion resistance of the alloy at 

elevated temperatures. Additions of Cu and Ni also have a favourable effect. This effect 

seems to be additive for both binary and ternary combinations of these three elements. 

•H2S04 

• H2504+P205+HF 

Specimen 
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Figure 2-11: Corrosion resistance of Stellite alloys with varying Ni, Cu and Mo contents: 

(a) at room temperature and (b) at 60° in 28%P204+13%H2S04+2%HF [20]. 

In regard of oxidation resistance, Stellite alloys are not as good as nickel-based 

alloys because of the difficulty in overcoming non-protective CoO scales through 

addition of Cr [21]. This problem was largely overcome in the development of Stellite 

alloy 188 through the use of small addition of lanthanum (0.03 wt%) [22]. Hot corrosion 

is a complex phenomenon involving attack by oxidation and sulfidation when Na2SC>4 

deposits form on an alloy surface [18]. The Na2S04 is produced when sulphur in the fuel 

reacts with NaCl in the air stream as might occur in marine environments. This type of 

corrosion attack is particularly severe in the 870°C to 950°C temperature range. It is 

generally held that Stellite alloys offer better resistance to hot corrosion than nickel-based 
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alloys. Stellite 188 has superior hot corrosion to Stellite 25, as illustrated in Figure 2-12, 

which could be attributed to the superior oxidation resistance of Stellite 188 [23]. 
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Figure 2-12: Hot corrosion of Stellite alloys in 50 ppm salt/0.4% sulphur fuel medium 

at 900°C [23]. 

Stellite 21 was reported to have better resistance to stress corrosion cracking in 

the Ringer's solution at 37°C than in boiling 30% MgCh [24], and also the cast specimen 

exhibited better resistance to stress corrosion cracking than wrought and the P/M 

specimens. The metallographic examination revealed that in MgCh solution all 

specimens suffered stress corrosion cracking except the cast product when the test 

duration was short (9 hours). However, for longer test duration of about 14 hours, stress 

corrosion cracking was incurred on the cast product. No stress corrosion cracking was 

detected in the Ringer's solution. 
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2.3 Research in Wear Behaviour of Stellite Alloys 

2.3.1 Room-temperature wear 

Tribological properties of Stellite alloys have been investigated extensively in 

various research activities. Frenk and Wagniere [10] conducted a dry-sliding wear test on 

Stellite 6, using a pin-on-disc (90%WC-10%Co in weight) tribometer apparatus that 

controlled the compressive load and sliding speed to provide a measure of wear rate. The 

resulting map is shown in Figure 2-13. The results demonstrated that the dry-sliding wear 

of Stellite 6 against a hard metal counterface could result from at least two mechanisms. 

Mild wear occurred at low loads or low sliding velocities, leading to the formation of 

oxide debris. Under such an oxidative regime, the wear rate was essentially controlled by 

the kinetics of oxide formation as well as by the mechanical or thermo-mechanical 

properties of the oxide formed and its attachment to the surface. The microstructure is not 

of prime importance under these conditions. With higher loads or elevated sliding 

velocities, a transition to a severe metallic wear regime occurred, causing nucleation and 

propagation of cracks, thus leading to localized fracture and forming wear debris. Frenk 

and Kurz [12] investigated the influence of microstructure on the wear properties of 

Stellite 6. Dry-sliding wear test was conducted on Stellite 6 specimens with different 

microstructures using a pin-on-disc type of machine. The microstructure of Stellite 6 

could be modified by the processing conditions. The hardness of the alloy was strongly 

dependent on the microstructure and in particular on the size of the phases. However, the 

drying-sliding wear test against a much harder mating material (90%WC-10%Co in 

weight) showed that in the severe metallic wear regime, the wear rate was independent of 

the microstructure (size and volume fraction of the phases). Therefore, in this case, no 
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direct relationship existed between the initial hardness of the material and its wear 

resistance, because the structure in the subsurface was completely destroyed by the 

resulting stress cycles. The high hardness of Stellite alloys is dependent on the 

microstructure and particularly the size of the dendrites and carbide particles. In addition, 

the hardness is dependent on the chemical composition of the matrix, and in particular the 

elements modifying the SFE due to the slip of dislocations within the material lattice. 

Figure 2-13: Dry sliding wear map for Stellite 6 against a WC-Co 90/10 disc [12] 
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This is important as pointed out by Shin et al. [13] that the volume fraction and 

particle size of the M6C carbide increase rapidly with increasing Mo content from zero to 

6 wt%, as well as, the Cr-rich carbides decrease in size but increase in volume fraction 

slightly with increasing Mo content over the same range. Yao et al. [15] arrived at a 

similar conclusion that Mo in replace of W in Stellite alloys results in an increased 

volume fraction of carbides as compared with W containing alloys. They suggested that 

the hardness and wear resistance of Stellite alloys would be dependent on the size and 

volume fraction of the carbides present [15]. 

Overall, hyper-eutectic Stellite alloys are generally used for severe abrasion 

conditions and the more ductile hypo-eutectic alloys are used in application subject to 

cavitation [7]. It was also shown that adding Mo singularly or in combination with Ni 

and/or Cu enhanced the corrosion and abrasion resistance of high carbon Stellite cast 

alloys. Cavitation erosion behavior of Stellite 3, Stellite 6 and Stellite 20 was studied by 

Heathcock et al. [7]. A steady source of vibratory cavitation was produced by means of a 

modified industrial ultrasonic drilling system operated at a frequency of 20 kHz. It was 

shown in Figure 2-14 that Stellite 3 has the highest resistance to erosion; Stellite 6 has the 

lowest and Stellite 20 has the similar erosion resistance to Stellite 6. 

Stellite 3 and Stellite 20 have similar compositions and both have high macro 

hardness (530 HV and 610 HV respectively). However, Stellite 20 has much lower 

erosion resistance than Stellite 3. This difference is considered to be a consequence of the 

microstructures. In Stellite 3 carbides O7C3 and WeC form a fine interdendritic network 

in a Co-rich matrix. However, Stellite 20, owing to higher Cr and W contents, has 

acicular Cr7C3 and islands of Co-rich solid solution which are embedded in a complex 
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carbide eutectic. Moreover, the acicular carbides in Stellite 20 are much harder than those 

in Stellite 3. Based upon microstructure, Stellite 6 is a coarse version of Stellite 3. 

Compared with Stellite 3, Stellite 6 contains less W and C, which results in less volume 

fraction of carbides. 

a 0.5 

at 
E 0.4 

10 15 20 

Time, h 

-Stellite 3 

-Stellite 6 

•Stellite 20 

Figure 2-14: Erosion test curves of Stellite alloys [7]. 

The SEM analysis investigated the mechanisms of erosion of these alloys [7, 11, 

15]. For Stellite 3 and Stellite 20, it was demonstrated that the carbides were selectively 

eroded while the carbide-matrix interface acted as an initiating site for erosion. Also 

material was lost, to a less extent, from twin intersections in the Co-rich matrix phase of 

these alloys. The lower erosion resistance of Stellite 20 is due, in part, to a higher rate of 

removal of the massive, harder, more brittle carbides and also, in part, to the greater 

matrix-carbide interface area. Regarding Stellite 6, it contains less C than Stellite 3 and 
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Stellite 20, consequently less volume fraction of carbides. In this alloy, erosion occurred 

predominantly by the loss of material from twin boundary intersections within the Co 

matrix. Owing to the prime importance of the Co-rich solid solution in determining the 

erosion resistance of this alloy, Stellite 6 is less resistant to erosion than Stellite 3 and 

Stellite 20. 

Malayoglu and Neville performed erosion-corrosion tests under liquid-solid 

erosion conditions in 3.5% NaCl liquid medium [11]. This research was focused on 

comparing the erosion-corrosion behaviour of Stellite alloy 706 that contains 5 wt% 

molybdenum with Stellite alloy 6 that contains 4.8 wt% tungsten, both in cast and hot 

isostatically pressed (HIPed) form. They investigated their electrochemical corrosion 

characteristics, resistance to mechanical degradation and relationship between 

microstructure and degradation mechanisms. It was found that both cast and HIPed 

Stellite 706 exhibited better erosion and erosion-corrosion resistance than Stellite 6 

counterparts under a wide range of conditions. The microstructure and specifically the 

type of carbides the erosion-corrosion affected the performance of the alloys 

significantly. In these multiphase alloys there was no direct relationship between the 

hardness and erosion-corrosion resistance. They also suggested that the strength of the 

matrix of Stellite alloys was an important factor, referring to a case of abrasion wear, 

stating that the support of the matrix can prevent the pulling out of the harder carbides. 

This was demonstrated with showing the effect of material matrix strength on the wear 

rate, using a normalised alloying content (NAC) measure, defined as the sum of the 

weight percentages of nickel, vanadium and tungsten - which are the elements as 

solid-solution strengthened. It was shown that the material with a higher NAC had a 
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lower weight loss in an erosion-corrosion test. There was a linear relationship between 

the NAC measure and the weight loss, which was explained by the strain hardening of the 

matrix, associated to the SFE. With the relation to erosion-corrosion, the low SFE tended 

to cause materials to strain-harden more rapidly and enhance erosion resistance [11]. This 

is addressing the important concept as well known Mo and W are strain-hardeners in 

relation to the composition and microstructure of Stellite alloys. 

2.3.2 Elevated-temperature wear 

Several researchers investigated the effect of the oxide scale or glaze layer formed 

between sliding materials at high temperatures. It was found that the oxide scale or glaze 

layer that adhered to the base material had a beneficial effect to reduce friction and wear 

at elevated temperatures [25, 26]. It is a protective layer against wear that formed in an 

oxygen containing atmosphere. The sliding action generates oxide debris that is 

compacted against one or both sliding surfaces. The importance of such a glaze layer is 

that when it is formed; it inhibits further wear as this layer prevents direct contact 

between the sliding surfaces. Both Mo and W contribute to the formation of the glaze 

layer with Mo producing a more stable and adhesive film than W [3], It was found that 

patches of glaze formed on Stellite 6 around the temperature 400°C to 500°C at a wear 

speed of 0.314 m/s [5]. This glaze layer became more consistent at temperatures 

exceeding approximately 600°C at the same speed. 

Extensive research has been conducted to improve the adhesion of the oxide scale 

and understand its benefit effect at elevated temperatures. For instance, the addition of 

yttrium to Stellite alloys [26, 27, 14, 25] was studied for its effects on improving the 
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oxide scale adhesion. It was also found that yttrium additive in Stellite 6 can improve the 

wear resistance and hardness of the alloy through refining the microstructure. The 

experimental results in Figure 2-15 show that Stellite 6 with 2 wt% Y has the lowest wear 

loss but 5 wt% Y has less beneficial effect than 2 wt% Y on the alloy for wear resistance. 

The beneficial effect of Y can be attributed to the finer microstructure and the CO2Y 

phase by the presence of Y in the alloy. These modifications strengthen the alloy. On the 

other hand, excessive level of Y promotes formation of rhombohedral CO17Y2 

intermetallic compound which is brittle and breaks easily under wear [25]. 

1 wt%Y 

2 wt%Y 

5 wt%Y 

, 1 1 1 1 1 

0 100 200 300 400 500 600 700 

Temperature, °C 

Figure 2-15: Influence of yttrium additive on wear behavior of Stellite 6 at elevated 

temperatures [25]. 

Similar tests were conducted on Stellite 21 [14, 26] and Stellite 712 [27] with 

yttrium additive and it was demonstrated that addition of yttrium did not increase the 

hardness of Stellite 21 but largely affected the oxide scale. The oxide scale was enhanced 
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and it improved resistance and adherence in air, however; the oxide layer became less 

protective as the wearing force was increased. Under high loads, this oxide scale could be 

destroyed easier, and the removal of the oxide debris could result in more wear or 

accelerated wear. The mechanical properties of Stellite 712 were not affected by the 

addition of yttrium, and that small amount of yttrium (< 1 wt%) enhanced the mechanical 

properties of the oxide scale and its adherence, which benefitted the wear performance of 

Stellite 712. However, exceeding 1 wt% yttrium negatively affected the wear resistance 

of the alloy, and the addition of 0.5 wt% yttrium performed the best at elevated 

temperatures. 

The effect of silicon addition to Stellite 6 on its hardness and wear resistance at 

elevated temperatures was studied by Celik and Kaplan [28]. They found that the 

hardness of Stellite 6 was enhanced by the addition of Si and the wear resistance of 

Stellite 6 increased with silicon addition at low temperatures (below 100°C) but 

decreased at high temperatures, as shown in Figure 2-16. It is also observed that the wear 

resistance of the material decreases with the increase of the temperature. The beneficial 

effect of Si on the wear resistance of Stellite 6 at room temperature is ascribed to the 

increased hardness. 
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Figure 2-16: Effects of silicon additive on wear resistance of Stellite 6 at elevated 

temperatures [28]. 

2.4 Summary 

Wear is a complex surface failure which is affected by many factors. The various 

research activities summarized in this chapter investigated the microstructure, hardness 

and various forms of wear on Stellite alloys in order to better understand the beneficial 

properties of these alloys. 

In the literature, the investigation on a handful of Stellite alloys was reported. 

Only two articles presented the research on a range of Stellite alloys, including one 

investigating the cavitation-erosion of Stellite alloys [7] and the other investigating the 

cracking resistance [15] of Mo and W containing Stellite alloys. Of the remaining 

articles, the erosion/corrosion resistance of Stellite 6 and 706 [11] was investigated, the 

scuffing behaviour of Stellite 3 [6] was studied, but no information on the wear 
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characteristics of the Stellite alloy was reported. The beneficial effect of yttrium on the 

adhesion of oxide film or scale, which could improve high-temperature wear resistance, 

was studied on Stellite 6, Stellite 21 and Stellite 712 [14, 25, 26, 27]. Also as additives, 

the beneficial effects of Silicon [28] and Mo [13] on improving the high-temperature 

wear resistance of Stellite 6 were studied. Among Stellite alloys, Stellite 6 attracted more 

attention of researchers than the others. The room-temperature sliding wear behavior [12] 

and high-temperature wear behavior [5] of Stellite 6 were all investigated. 

Although many efforts have been made in obtaining the data of various properties 

of Stellite alloys, the available information is still very limited; in particular, the 

high-temperature hardness and wear resistance of these alloys were not studied 

systematically. The reported research examined only one or two Stellite alloys in their 

analyses. Differently, the present research was aimed to further understand the wear 

behaviour of Stellite alloys, by studying a group Stellite alloys that cover a wide range of 

chemical compositions, with the emphasis on the role of chemical composition in 

controlling their wear resistance and the influence of temperature on their wear 

performance. The sliding wear test, utilizing a pin-on-disc tribometer, is a standard test 

that can be used to compare materials relative to one another, and also it is available in 

our research group. Therefore, the present wear test was performed in the sliding wear 

mode. The focus of this research was on analyzing the effects of carbon and other 

alloying elements on the high-temperature wear resistance of Stellite alloys thus 

providing the scientific basis for designing new high-temperature wear-resistant alloys. 
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3 Chapter: Microstructural Characterization 

3.1 Test Specimens 

3.1.1 Alloy selection 

As mentioned previously, Stellite alloys can conventionally be categorized as 

high-carbon alloys designed for wear service; low-carbon alloys for high temperature 

service; and low-carbon alloys to combat corrosion or simultaneous corrosion and wear. 

Therefore, the alloys studied in this research were carefully selected to broadly cover 

these categories. Six Stellite alloys were selected purposefully in consideration of 

chemical composition. Understanding the elements involved in Stellite alloys is an 

important or fundamental step to understand the basis of material properties. Carbon, in 

steel and other metal alloys, increases hardness while increasing brittleness. Carbon 

increases hardness by forming carbides which, through dispersion and solid solution 

strengthening, prevent slipping in the atomic crystal lattice. Three important elements 

that need to be specifically described are molybdenum, tungsten and chromium as their 

contents vary among Stellite alloys and these elements play important roles in controlling 

the material properties. Molybdenum has half the atomic mass of tungsten, so for the 

same weight percentage, there will be an excessive atomic concentration of molybdenum 

compared to tungsten. Because of this the tendency for molybdenum-rich carbides to 

form is higher. As discussed previously, the main role of both tungsten and molybdenum 

in Stellite alloys is in solid-solution strengthening. Chromium improves the resistance to 

corrosion and oxidation and is the main carbide former. As hardness and wear resistance 

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

elements were certainly important concern in the alloy selection. 
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Firstly, considering the main strengthening agent, carbon, the content which 

controls the carbide volume fraction in Stellite alloys, these alloys contain different levels 

of carbon and are identified as low-, medium-, and high-carbon Stellite alloy, 

respectively. Secondly, considering the main strengthening element of solid solution, 

tungsten, these alloys were selected to contain varying levels of tungsten, from zero up to 

a maximum > 30 wt%. Thirdly, considering another strengthening element of solid 

solution, molybdenum, these alloys may not contain molybdenum or contain a small to 

medium amount of molybdenum. Finally, as the main agent of carbide formation, 

chromium, usually takes 20 ~ 30 wt% in Stellite alloys. Other elements such as nickel, 

iron, boron, and so on were also taken into account. From these considerations of 

chemical composition, the effects of main constituents of Stellite alloys on the hardness 

and wear resistance of these alloys would be investigated in this research, in particular, 

on the hardness and wear resistance of Stellite alloys at elevated temperatures. 

3.1.2 Chemical compositions 

The selected six alloys were designated as alloy A, alloy B, alloy C, alloy D, alloy 

E and alloy F, respectively. The chemical compositions (wt%) of these alloys are detailed 

in Table 3-1. They have a carbon content varying between 0.25 ~ 2.4%, chromium 

content between 22 ~ 33.5%, tungsten content between 4.5 ~ 32% except alloy D which 

contains no tungsten. Instead this alloy contains 5.5% molybdenum and a very low 

content of carbon (0.25%). These alloys also contain a small amount of nickel between 

1.5 ~ 3.5% and iron between 3 ~ 5% except alloy E and alloy F. With respect to the 

amount of carbon, Alloy A contains the highest amount of carbon, followed by alloy E. 
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Alloy B, alloy C and alloy F have a medium amount of carbon. Alloy B also contains a 

small amount of molybdenum in addition to tungsten and alloy E contains a small amount 

of boron. 

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

^""^Jilement 

Specimen 

Cr W Mo Ni Fe C B Si Mn 

Alloy A 30.5 12.5 0 3.5 5 2.4 2 2 

Alloy B 29 4.5 1.5 3 3 1.2 0.75 0.5 

Alloy C 30 8.3 0 1.5 3 1.4 0.7 2.5 

Alloy D 27 0 5.5 2.75 3 0.25 1 1 

Alloy E 33.5 19 0 0 0 1.9 1 0 0 

Alloy F 22 32 0 0 0 1.5 0 0 

Among these alloys, the first four are conventional Stellite alloys, known as 

Stellite 3, Stellite 6, Stellite 12 and Stellite 21, respectively, which have been widely 

applied in various industries involving wear and corrosion environments, in particular, 

the wear and corrosion environments combined with high temperatures. The last two 

alloys were newly developed, named Stellite 80 and Stellite 300, respectively, by Deloro 

Stellite Group. Alloy E was designed for P/M products; addition of boron was to reduce 

the melting temperature of the alloy, because borides have a lower melting point [29]. 

The reduction in melting temperature of an alloy for P/M products has two advantages; 

one is reducing the furnace temperature; the other is allowing diffusion of liquidus phase 

into solidus phase thus improve the density of the products. 
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3.2 Microstructural Analysis 

3.2.1 Specimen preparation 

To study the hardness and wear resistance of 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 (certainly the fabrication process is also another critical factor in controlling the 

microstructure) and the microstructure affects the final properties of the material or 

product. Therefore, the microstructures of the six alloys being studied were investigated 

prior to hardness and wear tests. 

The tested alloys were fabricated using a centrifugal casting technique at Deloro 

Stellite Group. The preparation of the specimens for microstructural analysis followed the 

steps below: 

(1) Cut the metallographic specimens from the main body of the cast materials to 

approximately 45 ~ 60 mm in length and 5 mm in thickness using a cutting machine 

with an AI2O3 abrasive cut-off blade. Care was taken to minimize excessive heating 

by following the usual precautions such as proper cooling conditions to avoid any 

microstructure alteration. The specimens were mounted by encapsulating into a 

compression mounting compound. The compound was the phenolic plastic. The hot 

mounting press of Struers Co. (laboPress-3), shown in Figure 3-1, with adjustable 

pressing parameters such as heating temperature, heating time, cooling time, and 

force, was used to provide heat (150°C ~ 180°C) and force (0 ~ 50 MPa) for 

mounting. 
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Figure 3-1: LaboPress-3 mounting press (Courtesy of Struers Co.). 

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

a Buehler Ecomet-4 semiautomatic grinder, shown in Figure 3-2. 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 of the cast products and 

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

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

of 27 N and a spindle speed of 250 rpm. The selection of these parameters depended 

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

friction heat during grinding. 
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Figure 3-2: Buehler Ecomet-4 semiautomatic grinder polisher. 

(3) Polish the surfaces of the specimens. The purpose of polishing operation was to 

produce a specularly reflecting or bright mirrorlike 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. Final polishing was just 

performed to eliminate surface damage. Thus the specimen surfaces were lightly 

polished with 1 |im diamond suspension and 0.05 urn alumina suspension on two 

specific polishing pads. The specimens were thoroughly cleaned in an ultrasonic 

bath, prior and after each step of the final polishing since surface quality could be 

degraded by abrasion from the debris produced during polishing. 
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(4) Etch the specimen surfaces. After polished, the specimen surfaces were subjected to 

electrolytic and immersion etching with the solution mixture of 15 ml HNO3, 15 ml 

acetic acid, 60 ml HC1 and 15 ml H20. 

3.2.2 Microstructure examination 

The microstructure analysis of the alloy specimens at room temperature 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 3-3, and on a Philips XL30S FEG Scanning Electron microscope (SEM) with 

an EDAX energy dispersive X-ray (EDX) spectroscopy system, shown in Figure 3-4. 

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. Among the alloys being studied, alloy A, alloy B, 

alloy C and alloy D are conventional Stellite alloys with Trade Mark Stellite 3, Stellite 6, 

Stellite 12 and Stellite 21, respectively; the phases in their microstructures are generally 

well known. The SEM images of microstructure for these alloys presented below were 

obtained from the former system. However, alloy E and alloy F were newly developed 

and their microstructures had not been well studied. To investigate the phases present and 

their distributions in these alloys, the microstructures of these alloys were examined 

using the latter SEM system. Each phase present in their microstructures was identified 

utilizing the EDX technique. 
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Figure 3-3: Hitachi Model S-570 Scanning Electron Microscope (SEM) with energy 

dispersive X-ray (EDX) spectrum. 

Figure 3-4: Philips XL30S FEG Scanning Electron microscope (SEM) with an EDAX 

energy dispersive X-ray (EDX) spectroscopy system. 
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3.2.3 SEM images of microstructure 

The SEM images of microstructure for alloy A, alloy B, alloy C and alloy D at 

low and high magnifications are presented in Figure 3-5 to Figure 3-8. Stellite alloys 

have a microstructure typically consisting of complex wear-resistant carbides (mostly 

chromium-rich carbides) dispersed in a tougher and more ductile cobalt solid solution 

matrix mainly containing chromium and tungsten or chromium and molybdenum. The 

volume fraction of carbides in the microstructure of a Stellite alloy is proportional to its 

carbon content. The alloy may have a hypo-eutectic microstructure or a hyper-eutectic 

microstructure, depending mostly on its carbon content but also on the contents of other 

elements, for example, tungsten. The type of carbides in the microstructure is controlled 

by the alloying elements in the solution matrix and their contents. The microstructures of 

each alloy are discussed in detail as follows. 

(a) 
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(b) 

Figure 3-5: SEM microstructure of alloy A: (a) at low magnification and (b) at high 

magnification. 



(b) 

Figure 3-6: SEM microstructure of alloy B: (a) at low magnification and (b) at high 

magnification. 



07C3 

(b) 

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

magnification. 



(b) 

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

magnification. 

Alloy A 

It consists of a high carbon content that increases the volume fraction of carbides. 

The high carbide phase O7C3 (dark) is dispersed in a Co solid solution matrix (grey), 

with the lighter spots representing eutectic tungsten carbides, (W,Co)6C (in light), see 

Figure 3-5, when the tungsten is not present in the matrix solution. Tungsten in Stellite 

alloys serves mainly to provide additional strength to the matrix, but when present in 

large quantities, it participates in the formation of carbides during alloy solidification and 

promotes the precipitation of (W,Co)6C. This microstructure is a hyper-eutectic structure. 
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Alloy B 

Its microstructure has a less volume fraction of carbides as this alloy has half of 

the carbon content of Alloy A. O7C3 (dark) carbides having a laminar shape are 

dispersed in a similar CoCr alloy matrix, see Figure 3-6. This alloy contains Mo which, 

as discussed previously, may explain the larger carbide size. The alloy is hypo-eutectic 

with primary cobalt dendrites surrounded by a network of eutectic Cr7C3 carbides. 

Alloy C 

This alloy can be considered as a combination of alloy A and alloy B. It is similar 

to Alloy B with respect to carbon but does not contain Mo. This alloy has the average of 

the tungsten content and half of the nickel content of these two alloys. Its microstructure 

is similar to that of Alloy B, hypo-eutectic, consisting of primary cobalt solid solution 

with longitudinal eutectic O7C3 carbides, see Figure 3-7. However, due to the higher 

tungsten content, this alloy is also similar to alloy A, containing a small amount of 

eutectic (W,Co)6C, as seen in Figure 3-7. 

Alloy D 

This alloy appears different from the other alloys being studied. It contains a very 

low level of carbon so that it has a very small volume fraction of carbides. Therefore, this 

alloy is a solution-strengthened alloy rather than a carbide-strengthened alloy. Its 

microstructure contains almost entire solid solution, see Figure 3-8(a); at higher 

magnification in Figure 3-8(b), one may observe two types of carbides present in the 

microstructure, eutectic O7C3 and precipitate O23C6. 
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Alloy E 

The SEM images of microstructure for alloy E are presented in Figure 3-9. This 

alloy contains a high level of carbon so that it has a hyper-eutectic microstructure. The 

areas (locations) detected, representing different phases, are labeled in Figure 3-10(a), 

and the EDX spectra along with the corresponding element contents for each location are 

presented in Figure 3-10(b) to Figure 3-10(e). According to the SEM images, this alloy 

has a microstructure consisting of four phases, as labeled in Figure 3-10(a). From the 

EDX spectra and the associated constituent content tables, location 1 (in black) is primary 

O7C3 carbide, because this area has a high concentration of Cr; location 2 (in grey) is Co 

solid solution, because of the high concentrations of Co and Cr; location 3 (in white) 

must be (W,Co)6C carbide, since this area is W-rich; location 4 (in diverse colors) is the 

eutectic containing a mixture of Co solid solution, both Cr?C3 and (W,Co)6C carbides, as 

demonstrated by its EDX spectrum, this area is rich in Co, Cr and W. 
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Figure 3-9: SEM images of microstructure of alloy E used for EDX analysis: (a) at lower 

magnification and (b) at higher magnification. 
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Figure 3-10: EDX results of alloy E: (a) phases detected, (b) EDX spectrum of location 1 

(c) EDX spectrum of location 2, (d) EDX spectrum of location 3 and (e) EDX spectrum 

of location 4. 
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The presence of boron can form Cr-rich borides in alloy E, which was proved by 

previous research [30], but the boron peak cannot be identified and presented in the EDX 

spectrum since its amount is very small. The minor amount of eutectic Cr-rich boride was 

formed at a lower temperature (around 95°C ~ 100°C). It is also observed that as the 

primary O7C3 carbide has a larger size and takes a large volume fraction of this alloy; see 

Figure 3-9, because of both the high Cr content and the high carbon content in this alloy. 

Tungsten exists mainly in the solid solution for matrix strengthening, but owing to the 

high content, it also forms eutectic (W,Co)6C in this alloy. However, the amount of 

(W,Co)6C is much less than that of O7C3 in this alloy, as shown in Figure 3-9. Similar to 

but also different from tungsten, chromium is the predominant carbide former in Stellite 

alloys so that it exists largely in the carbides, for example, in Q7C3 of alloy E, but it is 

also the most important alloying element of the matrix, providing added strength, as a 

solute, and resistance to corrosion and oxidation. 

Alloy F 

Alloy F contains a very high level of W and a medium level of C. The SEM 

images of microstructure for this alloy are presented in Figure 3-11. Due to the very high 

level of W, this alloy also has a hyper-eutectic microstructure, with (W,Co)6C carbide as 

the primary phase. The primary (W,Co)6C (in light) has a larger size and takes a large 

volume fraction. The eutectic consists of a mixture of solid solution, Cr7C3 carbide and 

(W,Co)eC carbide as well. The areas (locations) identified, representing different phases, 

are labeled in Figure 3-12(a); the EDX spectra and the associated element content tables 

for each location (phase) are shown in Figure 3-12(b) to Figure 3-12(e). 
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Figure 3-11: SEM images of microstructure of alloy F used for EDX analysis: (a) at 

lower magnification and (b) at higher magnification. 
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Figure 3-12: EDX results of alloy F: (a) phases detected, (b) EDX spectrum of location 1 

(c) EDX spectrum of location 2, (d) EDX spectrum of location 3 and (e) EDX spectrum 

of location 4. 

According to the SEM images in Figure 3-11, this alloy has a microstructure 

consisting of four phases, as indicated in Figure 3-12(a). Based on the information in the 

EDX spectra and the associated element content tables, location 1 (in white) is primary 

(W,Co)6C carbide, as this area has a high concentration of W; location 2 (in grey) is Co 

solid solution, because of the high concentrations of Co and Cr; location 3 (in black) must 

be eutectic Cr?C3 carbide, since this area has a high content of Cr; location 4 (in diverse 

colors) is the eutectic containing a mixture of Co solid solution, both O7C3 and 

(W,Co)6C carbides, as demonstrated by its EDX spectrum, this area contains high 

contents of Co, Cr and W. 

Compared with alloy E, the amount of Cr7C3 in alloy F is reduced significantly. 

This may be attributed to both the reduced C content and the increased W content. On the 

84 



other hand, the amount of (W,Co)6C in alloy F increases greatly. This can be explained as 

most of C is to form (W,Co)6C thus resulting in reduction of &7C3. According to the 

microstructure, less amount of (W,Co)6C is in the eutectic (with small size) and more is 

the primary (with large size). Tungsten also exists in the solid solution for matrix 

strengthening. Chromium in alloy F is to form Cr7C3, but it also exists in the solid 

solution to provide additional strength, as a solute, and resistance to corrosion and 

oxidation. As the primary phase, Co solid solution of alloy F takes more volume fraction 

than that of alloy E as one of constituents of the eutectic. 

3.2.4 Estimation of carbide volume fraction 

In order to facilitate the consequent analyses of wear behaviour of these alloys, it 

was necessary to quantify the carbide phases in the alloys. Based on the carbon contents 

of each alloy and the literature data, the weight percentages of carbides in the alloys can 

be estimated. As reported, at a carbon level of 2.4 wt% (Stellite 3), the carbides constitute 

about 30 wt% of the material; and at 1 wt% carbon (Stellite 6B), the carbides constitute 

approximately 13 wt% of the material [1]. The amount of carbides in a Stellite alloy is 

proportional to its carbon content. Utilizing the interpolation method, one may estimate 

the weight percentage of carbides in each alloy; the values are given in Table 3-2. 

Consequently, using the density values of carbides and cobalt solid solution, one may 

convert the weight percentages to the volume fractions. For the density of carbides, the 

density of chromium carbide, 6.97 g/cm3, was used in this calculation, while the density 

of (W,Co)6C was not considered separately, which may lead to some error in the values 

reported in Table 3-2. However, since the difference in density between Cr7C3 carbide 
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and (W,Co)6C carbide is not much, the accuracy of the data from this calculation is 

sufficient for the wear resistance analyses of the alloys. To obtained the density of Co 

solid solution, Stellite 25 was selected to measure its density, because this alloy contains 

a very low carbon content (0.1 wt%), thus minimal carbide amount; it is a 

solution-strengthened alloy. As an approximation, the density of Stellite 25, which was 

measured to be 8.82 g/cm3, was used as the density of Co solid solution in this 

calculation. The detailed procedure of the conversion is described below. 

Let Ws  represents the weight of solid solution and Wc carbides, ps  represents the density 

of solid solution and pc carbides, then 

Vs  =^- and Vc =^, Ws  +Wc=W and Vs  +VC = V, — = p, where Vsand Vc are the 
Ps Pc V 

volumes of solid solution and carbides, respectively; W, V and p are the weight, volume 

and density of the alloy, respectively. 

Let a and b are the weight percentages of solid solution and carbides, respectively, then 

W W 
= a and —^ = b, a + b = 1 

W W 

Using the above relations, the following may be derived, 

aW bW W a b 1 pspc 
•  +  = — ,  +  =  —  , pr-

Ps Pc P Ps Pc P apc+bps  

Let jc and y are the volume percentages of solid solution and carbides, respectively, then 

K 
1 K A 

Vc Pc PWC pbw pb bp p x  +  y - l ,  x  =  —  and y = — =-^r= ~ 
V v w_ pcW pcw pc pc(apc+bps) 
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* 

Using y = —, r, the volume fraction of carbides for each alloy can be 
PcKaPc+bps) 

calculated, and the data are provided in Table 3-2. 

Table 3-2: Calculated Quantities of Carbides in Stellite Alloys 

Specimen Carbon content 
(wt%) 

Carbide weight percentage 
(wt%) 

Carbide volume fraction 
(vol%) 

Alloy A 2.4 30 35.16 

Alloy B 1.2 15.43 18.76 

Alloy C 1.4 17.86 21.56 

Alloy D 0.25 3.25 4.08 

Alloy E 1.9 23.93 28.31 

Alloy F 1.5 19.07 22.97 
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4 Chapter: Hardness Investigation 

4.1 Indentation Test 

4.1.1 Test apparatus 

Hardness is one of the important factors in the characterization of a material. It is 

the measure of how resistant a solid material is to a permanent shape change when a force 

is applied. It is an important characteristic in material selection as many material 

properties such as ductility, elasticity, strain, toughness and strength are related to this 

value. In particular, the hardness property is often used in the field of wear resistance as a 

qualitative indicator forjudging alloys, coatings, hardfacings and overlays. It is generally 

accepted that the harder the material, the greater the wear resistance, for most of 

materials. The hardness of metallic materials usually decreases with temperature, 

especially when the temperature reaches a critical level, the hardness drops steeply, 

depending on individual materials. For wear resistance application of Stellite alloys at 

elevated temperatures, therefore it is necessary to understand the variations of hardness 

over a range of operating temperatures. 

In this research, a Microhardness Tester Unit, Model SMT-X7 Dual Indenter, 

shown in Figure 4-1, was employed to investigate the hardness of each individual phase 

in the microstructures of the six alloys being studied, at both room and elevated 

temperatures. This model of microhardness tester unit is fully-automated with a 

computer-controlled motorized turret, and compatible with both Vickers indenter and 

Knoop indenter standards. It has a software interfaced dial, from 1 gf to a maximum load 

capacity of 2000 gf. The loading duration can vary between 5 ~ 60 s. With a microscope 

equipped, each individual phase in a microstructure can be identified and selected to be 
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measured. The apparatus applies a constant force to the sharp indenter making a 

permanent indent on the specimen material. The hardness value is automatically 

computed by a built-in software package based upon the area of the indentation left in the 

specimen and the force applied. For Vickers hardness, the value is calculated based on 

the measurement of the diagonals of the indentation ( 

Figure 4-2) made under a set load. 

Figure 4-1: Microhardness Tester Unit, Model SMT-X7 Dual Indenter. 
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Figure 4-2: An indentation made by a Vickers indenter. 

To achieve the temperature capacity of 700°C, a Hot-Stage Assembly, shown in 

Figure 4-3, is attached to the platform of the Microhardness Tester Unit when the 

hardness test is performed at elevated temperatures. A cooling system is also available to 

maintain the platform unheated for operation, see Figure 4-4. The heating and cooling 

rates can be selected and automatically controlled by a control unit shown in Figure 4-5. 

However, since the entire system is exposed to air, that is, the test specimen is not in a 

vacuum environment, the oxidation of the specimen surface at high temperatures is 

inevitable, which may affect the accuracy of the hardness result. On the other hand, 

hardness is only associated with plastic deformation of a material, while oxide films are 

generally brittle or fragile, with this viewpoint, the effect of surface oxidation in this test 

may be neglected. 
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Figure 4-3: Hot-Stage Assembly. 

ri f-.MEX 

Figure 4-4: Microhardness Tester Unit equipped with a Hot-Stage Assembly 

and cooling system. 
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Figure 4-5: Temperature control unit for the Hot-Stage Assembly. 

4.1.2 Experiment details 

The specimens for high-temperature microhardness test must have a dimension of 

6.5 mm in diameter and 1.5 ~ 2 mm in thickness that fit into the hot-stage furnace, but for 

room temperature test, the specimen can have any dimension. However, since a specimen 

can be used for a test cycle, that is, from room temperature up to 650°C and then down to 

room temperature, the specimens used for this test were all made to the dimension for the 

hot-stage furnace. The specimen surfaces for testing were ground with grit papers from 

#180 to #600 and polished with abrasive cloth plus 1 jim alumina powders. A low 

indentation load of 100 gf was selected, which allowed the indentation to be made on a 

selected phase, because if the load was too high, the indentation may cover an area with 

other phases involved. The indentation test for each specimen was conducted at room 

temperature, 250°C, 450°C and 650°C, respectively, in a heating process, and then for the 
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same specimen, the indentation was successively made at 450°C, 250°C and room 

temperature, respectively, in a cooling process. The purpose of doing this reciprocal cycle 

test was to explore any thermal effects on the hardness of these materials by comparing 

the hardness value tested at the temperature in heating process with that tested at the 

same temperature but in cooling process. The apparatus with the control unit is capable of 

climbing temperatures at a set rate and also allows holding each temperature for a certain 

period of time prior to indentation to ensure a uniformly heated surface. During 

indentation, a constant force is applied to a sharp indenter and held for a very short period 

of time that generates permanent deformation in the material under testing. The test 

parameters used in this research are summarized in Table 4-1. 

Table 4-1: Summary of micro hardness test specifications 

Temperature profile Heating: 20°C, 250°C, 450°C, 650°C 
Cooling: 650°C, 450°C, 250°C, 20°C 

Temperature holding time 3 min 

Heating rate 50°C/min 

Indentation force 100 gf 

Indenter dwell time 15 sec 

Five indentations were made at each temperature for each specimen and two 

specimens were tested for each alloy being studied. The hardness value for each test case 

was an average of the ten test results. In order to avoid the influence of material 

pre-deformation under previous indentations on the hardness result, there should be a 

space between two indentations at least larger than three indentation diagonal lengths. 
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4.2 Hardness Values 

4.2.1 Experimental results 

Since Stellite alloys are multi-phase alloys which contain at least two phases, 

known as cobalt solid solution and carbides, and each phase may exhibit different 

features including hardness, the micro hardness test was conducted on each phase of the 

alloys being studied at the temperature cycle. The following summarizes the test results. 

The microscopic images of indentations left in the tested specimens, shown below, were 

all taken at a magnification of400X. 

Alloy A 

From its microstructure in Figure 3-5, this alloy consists of two types of carbides, 

M7C3 and (W,Co)6C, dispersed in the cobalt solid solution matrix. Attempts were made to 

conduct the indentation on these three phases respectively. For the solution matrix, it was 

possible to make the indentation on single solid solution phase, as shown in Figure 0-1 (a) 

to Figure 0-7(a) within Appendix A. However, for the carbides, due to their small sizes, 

especially, for the carbide (W,Co)6C, it was impossible for the indenter to cover a single 

phase, because the area under the indenter is a mixture of M7C3, (W,Co)6C and solid 

solution, as shown in Figure 0-1 (b) to Figure 0-7(b). The average hardness values from 

the indentation tests for alloy A are plotted again temperature in Figure 4-6. 

Alloy B 

As shown in Figure 3-6, the microstructure of this alloy consists of M7C3 carbides 

dispersed in the cobalt solid solution matrix. The carbides have a laminar shape. The 

indentation test was conducted on the carbide phase and the solution, respectively. For 
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the solution matrix, it was possible to make the indentation on single solid solution phase, 

as shown in Figure 0-8(a) to Figure 0-14(a), however, for the carbide phase, due to the 

laminar structure, the area covered by the indenter may contain minor solution phase, as 

shown in the images in Figure 0-8(b) to Figure 0-14(b). The average hardness values 

from the indentation tests for alloy B are plotted again temperature in Figure 4-7. 

Alloy C 

This alloy has a similar microstructure to Alloy B, consisting of primary solid 

solution with longitudinal eutectic Cr7C3 carbides, as shown in Figure 3-7. In addition, 

due to the higher tungsten content, this alloy is also similar to alloy A, containing a small 

amount of eutectic (W,Co)6C as seem in Figure 3-7. It was possible to make the 

indentation on single solid solution phase, as shown in Figure 0-15(a) to Figure 0-21(a), 

but similar to alloy B, for the indentation test on O7C3 carbide, the area covered by the 

indenter also contained minor solid solution phase, as shown in Figure 0-15(b) to Figure 

0-21(b). Also, the indentation could not be made on the (W,Co)6C phase because the 

sizes of the carbides are too small. The average hardness values from the indentation tests 

for alloy C are plotted again temperature in Figure 4-8. 

Alloy D 

This alloy contains a very low level of carbon so that a very small volume fraction 

of carbides are formed in the alloy. As shown in Figure 3-8, its microstructure appears 

almost entire solid solution. Since the carbides are very small and very rare, the 

indentation made on the carbides had to cover certain amounts of the solid solution. From 
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the observation, more than half of the area under the indenter was the solid solution. The 

microscopic images of indentations left in the tested specimens of alloy D are provided in 

Figure 0-22 to Figure 0-28. The average hardness values from the indentation tests for 

this alloy are plotted again temperature in Figure 4-9. 

Alloy E 

This alloy has a hyper-eutectic microstructure, consisting of primary Cr7C3 

carbide and eutectic (W,Co)6C dispersed in a solid solution matrix, see Figure 3-9. It was 

possible to make the indentation on the entire O7C3 carbide phase because of its large 

size of the carbides. However, the solid solution is mixed with (W,Co)6C and minor 

O7C3 so that the indentation could only be made on the eutectic of (W,Co)6C, O7C3 and 

solid solution. The microscopic images of indentations left in the tested specimens of 

alloy E are provided in Figure 0-29 to Figure 0-35. The average hardness values from the 

indentation tests for this alloy are plotted again temperature in Figure 4-10. 

Alloy F 

This alloy has a hyper-eutectic microstructure, consisting of primary (W,Co)6C 

and the eutectic containing solid solution, O7C3 and (W,Co)6C, owing to the very high W 

content, as shown in Figure 3-11. The (W,Co)6C carbide is large enough to allow the 

indentation to be made on single (W,Co)eC carbide phase, as shown in Figure 0-36(a) to 

Figure 0-42(a). However, the amounts of solid solution and O7C3 are small and are all 

mixed with (W,Co)eC so that the indentation could only be made on the mixture rather 

than the entire solid solution phase, as seen in Figure 0-36(b) to Figure 0-42(b). The 
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average hardness values from the indentation tests for alloy F are plotted again 

temperature in Figure 4-11. 
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Figure 4-6: Variations of hardness with temperature in heating/cooling cycle for alloy A: 

(a) solid solution and (b) carbides/solution mixture. 
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Figure 4-7: Variations of hardness with temperature in heating/cooling cycle for alloy B: 

(a) solid solution and (b) carbide with minor solid solution. 
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Figure 4-8: Variations of hardness with temperature in heating/cooling cycle for alloy C: 

(a) solid solution and (b) carbide with minor solid solution. 

99 



> 
X 

<D 
c u 

450 

400 

350 

300 

250 

200 

150 

H ,  •  

- i  ;  
• """"" 1" 

r: 

•  i  ^  •  i  ^  
; : 

• ; 
—i-r'i-i • 7 
—i-r'i-

1 - i r:r m \ 
r i* ' 

trr:;/' f- m 

L 

, ; , . L  
1- ! 

L . i 
t  r 
: 

• Heating 

• Cooling 

0 100 200 300 400 500 600 700 
Temperature (°C) 

(a) 

> 
x 

0) 
c 
XI ho n 
JE 

01 

600 

550 

500 

450 

400 

350 

300 

250 

200 

150 

100 

• 
A- • • -  —  - r'-jrj 
• j.._ ...4r. .j 

t:/:T • - r 

. j—j r — - -----f-'-i-

• •  -r-
twi' 

• • l 

• Heating 

• Cooling 

100 200 300 400 500 

Temperature (°C) 

600 700 

(b) 

Figure 4-9: Variations of hardness with temperature in heating/cooling cycle for alloy D: 

(a) solid solution and (b) carbides/solution mixture. 
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Figure 4-10: Variations of hardness with temperature in heating/cooling cycle for alloy E: 

(a) O7C3 carbide and (b) solid solution/carbide mixture. 
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Figure 4-11: Variations of hardness with temperature in heating/cooling cycle for alloy F: 

(a) (W,Co)6C carbide and (b) solid solution/carbide mixture. 
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4.2.2 Analysis and discussion 

To facilitate the following analysis, the average hardness values of solid solution, 

carbides and mixtures for each alloy are summarized in Table 4-2 and Table 4-3; the 

maximum error percentages for each average value are provided in brackets. As 

explained previous, for alloy A, alloy B, alloy C and alloy D, only solid solution phase 

has a large size to enable the indentation made on its entire phase, but the M7C3 and 

(W,Co)6C phases are all too small to do so, and they are mixed with solid solution. On 

the contrary, for alloy E, only M7C3 phase, and for alloy F, only (W,Co)6C phase, are 

large enough in size for the indentation to make on their entire phases, respectively, while 

the solid solution phases are all too small to do so, and they are mixed with carbides. 

Table 4-2: Average hardness values (HV) of solid solution and carbides 

\5emperature 

Phase 

Heating 
20°C 

Heating 
250°C 

Heating 
450°C 

Heating 
Cooling 
650°C 

Cooling 
450°C 

Cooling 
250°C 

Cooling 
20°C 

Alloy A 

Solution 

456 

(1.12%) 

422 

(1.23%) 

410 

(1.32%) 

399 

(1.20%) 

421 

(1.34%) 

438 

(1.02%) 

468 

(1.41%) 

Alloy B 

Solution 

411 

(1.12%) 

367 

(1.16%) 

347 

(1.11%) 

341 

(1.42%) 

373 

(1.35%) 

410 

(1.25%) 

430 

(1.43%) 

Alloy C 

Solution 

444 

(1.30%) 

424 

(1.28%) 

392 

(1.15%) 

378 

(1.12%) 

413 

(1.33%) 

434 

(1.22%) 

452 

(1.45%) 

Alloy D 

Solution 

330 

(1.32%) 

301 

(1.32%) 

255 

(1.01%) 

238 

(1.33%) 

288 

(1.07%) 

341 

(1.20%) 

405 

(1.28%) 

Alloy E 

Cr7C3 

1404 

(1.32%) 

1397 

(1.14%) 

1385 

(1.06%) 

1362 

(1.41%) 

1381 

(1.16%) 

1402 

(1.27%) 

1413 

(1.20%) 

Alloy F 

(W,Co)6C 

1356 

(1.52%) 

1343 

(1.04%) 

1336 

(1.11%) 

1330 

(1.42%) 

1334 

(1.33%) 

1345 

(1.12%) 

1354 

(1.32%) 
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Table 4-3: Average hardness values (HV) of mixtures 

v\3[emperature 

Alloy^^^x^ 

Heating 
20°C 

Heating 
250°C 

Heating 
450°C 

Heating 
Cooling 
650°C 

Cooling 
450°C 

Cooling 
250°C 

Cooling 
20°C 

Alloy A 556 528 498 473 512 544 576 

(1.22%) (2.54%) (4.38%) (3.12%) (3.88%) (4.27%) (3.52%) 

Alloy B 472 461 428 386 444 496 498 

(2.52%) (4.12%) (2.89%) (4.32%) (3.11%) (3.72%) (4.12%) 

Alloy C 537 476 438 417 474 499 566 

(2.65%) (2.44%) (3.52%) (3.54%) (2.98%) (2.21%) (4.02%) 

Alloy D 502 310 275 266 297 355 539 

(3.54%) (4.12%) (5.12%) (4.32%) (3.98%) (3.09%) (4.10%) 

Alloy E 719 697 665 646 688 744 768 

(3.52%) (2.92%) (3.60%) (3.09%) (3.26%) (4.52%) (4.76%) 

Alloy F 720 707 675 655 723 755 768 

(2.11%) (2.52%) (3.76%) (3.1.2%) (2.52%) (2.57%) (3.87%) 

As summarized in Table 4-2 and Table 4-3, the carbides are much harder than the 

solid solutions. Accordingly, the hardness values of the mixture for each alloy are 

between the hard values of solid solution and carbides. This is because the mixtures 

consist of both carbides and solid solution. Since the amounts of each constituent in the 

mixture present in the area covered by the indenter would vary in each test; the obtained 

hardness values on the mixture cannot accurately predict the effects of individual phases 

on the overall hardness of the mixture. Therefore, the following analysis will be focused 

on the single phases but not on the mixtures. 
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From Table 4-2, the hardness values of both solid solution and carbides decrease 

with temperature, which means that the solid solution and carbides of Stellite alloys can 

be softened by temperature. The reductions in hardness of solid solution and carbides at 

650°C were calculated and the values are presented in Table 4-4. It is also noted that the 

hardness values of solid solution and carbides are different at the temperatures in the 

heating process and in the cooling process, which indicates that the heating/cooling cycle 

has effects on the hardness of the solid solution and carbides of Stellite alloys. The 

changes in hardness of solid solution and carbides at room temperature before and after 

the heating/cooling cycle were calculated and the results are reported in Table 4-4. 

According to the data in Table 4-4, both O7C3 carbide and (W,Co)6C carbide are 

insensitive to temperature; the small amounts of reduction and change in hardness of the 

carbides can be considered as the errors of the tests, that is, the carbides were almost not 

affected by the temperature up to 650°C. For the solid solutions, the one of alloy D seems 

the most sensitive to temperature, while alloy A exhibited the best temperature 

insensitivity. If comparing the chemical composition of this alloy with those of the other 

three alloys in Table 3-1, one may find that alloy D is the only alloy that does not contain 

tungsten. The element, tungsten, is well known for high-temperature properties [1], so 

that it plays a critical role in maintaining the properties of the alloys at elevated 

temperatures when present in the alloys. Among the three alloys containing tungsten, 

alloy A, with the highest content of tungsten (Table 3-1), exhibited the least variation of 

hardness with temperature, and alloy B, with the lowest content of tungsten (Table 3-1) 

exhibited the most. Therefore, it may be concluded that tungsten content is the main 

factor that affects the temperature dependence of properties of Stellite alloys. 
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Table 4-4: Temperature-dependences of hardness for solid solution and carbides 

Temperature 
^~~~^<Qndition 

Phase 

Reduction of hardness at 
650°C 

Hardness change at room 
temperature after 

heating/cooling cycle 

Alloy A Solution 12.5% 2.63% 

Alloy B Solution 17% 4.62% 

Alloy C Solution 14.9% 1.8% 

Alloy D Solution 27.9% 22.7% 

Alloy E Cr7C3 3% 0.64% 

Alloy F (W,Co)6C 1.9% 0.15% 

Regarding the hardness variations of mixture in these alloys, since the carbides 

are insensitive to temperature, the temperature-dependent variations in hardness of the 

mixtures are attributed to the hardness variations of the solid solutions. As discussed 

earlier, it is impossible to estimate how much contribution each constituent made to the 

hardness value of the mixture. However, on the other hand, the tests on these mixtures 

provided the hardness values which are useful to correlate the wear resistance of these 

alloys. 

4.2.3 High temperature oxidation 

It was observed that alloy A, alloy E and alloy F were all oxidized severely at 

650°C, which was characterized by the change in color of each phase, see Figure 0-4, 

Figure 0-32 and Figure 0-39. The oxides remained on the specimen surfaces until the 

specimen was cooled down to room temperature. If relating this behaviour to their 

microstructures, these alloys all have a hyper-eutectic microstructure, with carbides as the 
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primary phase. The first two alloys contain a large amount of O7C3 carbide, which 

depletes Cr of the solution matrix thus resulting in severe oxidation of the alloys. The last 

alloy contains the lowest Cr among the alloys being studied. It contains a large amount of 

(W,Co)6C carbide, which is free of Cr, so that it was oxidized significantly at high 

temperatures, as seen in Figure 0-39. In the meanwhile, the solution matrix of this alloy 

was also oxidized badly due to the less amount of Cr in the alloy. On the contrary, alloy 

B and alloy C exhibited better oxidation resistance at high temperatures. This is because 

these two alloys have a hypo-eutectic microstructure, with the solid solution as the 

primary phase that contains a high level of Cr. Alloy D is different from the other alloys; 

it contains a very small amount of carbides and also due to the high level of Cr, it was 

expected to be oxidation-resistant. However, surface oxidation was observed in this alloy 

when heated to 650°C, see Figure 0-25. Nevertheless, compared with alloy A, alloy E 

and alloy F specimens, the oxide film formed on the alloy D specimen surface looks 

thinner, which indicates less oxidation. Further investigation into the oxidation behaviour 

of Stellite alloys has been planned for future work of this project. 
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5 Chapter: Wear Resistance Evaluation 

5.1 Pin-on-Disc Test 

5.1.1 Testing facilities 

The wear resistance of the six alloys being studied was evaluated using a 

Pin-on-Disc Tribometer, according to the testing procedure outlined in ASTM 

Designation G 99 - 95A Standard Test Method for Wear Testing with a Pin-on-Disc 

Apparatus. This test method involves a ball shaped upper specimen that slides against a 

rotating disk as a lower specimen under a prescribed set of conditions. The load is applied 

vertically downward with a motor driven carriage that uses the force/load sensor for 

feedback to maintain a constant load. A software control unit allows for monitoring 

during the test the actual dynamic normal load and friction force thus computing friction 

coefficient in real-time. A pin-on-disc tribometer consists of a stationary "pin" under an 

applied load in contact with a rotating disc. The pin used in this research was a spherical 

tip having a radius of 2.5 mm and was made of 94% WC and 6% Co with the hardness of 

HV 1534. The disk with the specimen mounted was a plate (~ 5 mm thick) having a flat 

surface. The entire pin-on-disc tribometer system is shown in Figure 5-1. For elevated 

temperature tests the pin-on-disc tribometer has a small furnace surrounding the disk, as 

shown in Figure 5-2, which allows the pin to go through a top cover where it makes 

contact with the disk in an almost enclosed environment. This environment is capable of 

heating the specimen to a maximum temperature of 450°C. Again, this enclosure is not 

oxidation-protective, therefore, oxidation of materials definitely occurs on the surface of 

the specimen under wear at high temperatures, resulting in formation of oxides. 

108 



Figure 5-1: Pin-on-Disc Tribometer System. 

Figure 5-2: Pin-on-Disc Tribometer System equipped with a heating furnace. 
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5.1.2 Test parameters 

For wear test, the surface of each specimen was prepared by planar grinding with 

grit papers from coarse #180 to fine #600 in order to flatten the specimen surfaces. 

During the wear test the pin (ball) was pressed under a compressive force on the 

specimen without lubrication; the latter was spinning at a constant rotational speed. As 

the result of friction/wear, a wear track or pit was generated on the specimen surface, as 

shown in Figure 5-3 for high-carbon alloy A and Figure 5-4 for low-carbon alloy D, as 

examples. The wear loss was evaluated by calculating the volume of the wear track after 

the specimen surface was worn for a period of time. The test parameters used for this 

research are given in Table 5-1. The computation of wear track volume resorted to a 

D150 Surface Profile Measuring System, shown in Figure 5-5, which allows simulating 

the cross-section profiles of a wear track and computing the cross-sectional areas directly. 

Three tests were conducted on each alloy at each temperature. 

Table 5-1: Pin-on-disc wear test parameters 

Load (normal force) ION 

Rotational speed of disc 350 rpm 

Test duration 2.5 hr 

Test environment 20°C, 250°C, 450°C 

Diameter of wear track 6 mm 

Sliding distance 1000 m 
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(a) 

(c) 

Figure 5-3: Wear tracks of alloy A: (a) at room temperature, (b) at 250°C and (c) at 

450°C. 



(b) 

(c) 

Figure 5-4: Wear tracks of alloy D: (a) at room temperature, (b) at 250°C and 

(c) at 450°C. 
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Figure 5-5: D150 Surface Profile Measuring System. 

5.2 Wear Loss 

5.2.1 Wear track analysis 

The wear resistance of each tested alloy specimen is estimated by the volume loss 

of the specimen material, which is equal to the volume of the wear track. For each wear 

track four locations were selected uniformly along the wear track to calculate the 

cross-sectional area, and the average value was taken to be multiplied by the periphery 

length of the wear track to obtain the volume of the wear track. The cross section profiles 

of the wear tracks that represent the medium wear losses of each alloy are presented in 

Figure B-l to Figure B-6 for room temperature test, 250°C test and 450°C test 

respectively. 
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5.2.2 Wear resistence 

The cross-sectional areas of the selected locations along each wear track were 

calculated automatically based on the corresponding cross section profiles by the 

software associated with the D150 Surface Profile Measuring System. The volume of 

each wear track was then calculated as the average cross-sectional area multiplied by nD 

{D — 6 mm), which is the periphery length of the wear track, as schematically shown in 

Figure 5-6. It should be mentioned that since the wear track analysis in this research was 

implemented using a surface profile measuring system, not a volume measuring system, 

the obtained volume values of the wear tracks in this way are only approximate, not 

exact. However, to minimize the error, four locations were selected uniformly along each 

wear track to obtain the cross sectional area. From the viewpoint of statistics, the average 

of the four cross-sectional areas would fairly represent the overall cross-sectional area of 

the wear track. The average wear losses (volumes of the wear tracks) of each alloy at 

room temperature and at elevated temperatures are illustrated in Figure 5-7. 

Wear track 

Selected location 

Figure 5-6: Schematic drawing for volume estimation of wear track. 
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Alloy A Alloy B Alloy C Alloy D Alloy E Alloy F 

(C) 

Figure 5-7: Wear losses of Stellite alloys under the pin-on-disk wear test: (a) at room 

temperature, (b) at 250°C and (c) at 450°C. 

At room temperature, in general, the wear resistance of Stellite alloys is controlled 

by the carbon content in the alloy. As demonstrated in Figure 5-7(a), alloy D, containing 

very low C (0.25 wt%), has the worst wear resistance. However, alloying elements such 

as W, Mo and Ni also play an important role. For example, alloy F has the best wear 

resistance, but this alloy contains less C than alloy A. The excellent wear resistance of 

alloy F may be attributed to both high C and high W. Alloy A, containing the highest C 

among the alloys being studied and also containing high W, has better wear resistance 

than the others except alloy F. Alloy E, containing higher W but lower C than alloy A, 

has slightly lower wear resistance. Between alloy B and alloy C, the latter has better 

resistance to wear due to its both higher C and higher W. 

116  



With the increase in the temperature of the specimen to 250°C, the wear 

resistance of all the alloys decreased, as demonstrated by comparing the wear loss data in 

Figure 5-7(a) with those in Figure 5-7(b). The wear resistance of alloy F deteriorated 

significantly at elevated temperatures; it was worse than alloy A, alloy C and alloy E at 

250°C. Alloy A exhibited the best wear resistance among the alloys being studied, 

followed by alloy E, at this temperature. Alloy C was still better than alloy B at 250°C. 

Similar to the test at room temperature, the low-carbon alloy D still exhibited the worst 

wear resistance at 250°C among the alloys being studied. 

When further increasing the temperature of the specimen up to 450°C, these 

alloys continuously lost wear resistance except alloy D which exhibited an abnormal 

behaviour — an increase in wear resistance at this higher temperature, as illustrated in 

Figure 5-7(c). This is more evident in the presentation of temperature dependence on 

wear resistance of each alloy as provided in Figure 5-8. The predominant role of carbon 

content in the wear resistance of Stellite alloys was lessened by temperature effect. For 

instance, the low-carbon alloy D exhibited higher wear resistance than the high-carbon 

alloy A and medium-carbon alloy B and alloy F. In addition, it is noted that at room 

temperature the difference in wear resistance between Stellite alloys is much larger than 

that at elevated temperatures, for example, alloy F has more than two-orders of 

magnitude better wear resistance than alloy D, which is the largest difference in wear 

resistance between the Stellite alloys being studied at room temperature, while alloy E 

has only less than one-order of magnitude higher wear resistance than alloy B, which is 

the largest difference in wear resistance between the alloys at 450°C. In other words, the 

wear resistance of Stellite alloys varies dramatically with composition at room 
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temperature but this variation becomes less pronounced with increase in the specimen 

temperature. 

Alloy A Alloy B Alloy C Alloy D Alloy E Alloy F 

Figure 5-8: Comparison of wear loss variation with temperature among Stellite alloys. 

5.3 Friction Coefficient 

5.3.1 Data collection 

Friction is generally one of the factors that explain the wear of a material. The 

common sense approach is to reduce friction in order to reduce wear. Therefore, friction 

is usually concerned when wear of a material is studied. In the present research, friction 

forces were recorded automatically with time increase during the wear test and the 

corresponding friction coefficients in real time were obtained by calculating the ratio of 

the friction force to the applied load (the normal force of 10 N). It was observed that the 
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friction coefficient was not constant within the wear duration for every specimen; it 

always increased with time initially and became stable after about 1/5 of duration time or 

sliding distance. An example of friction versus time of Stellite alloys, as recorded in this 

test, is shown in Figure 5-9(a). The friction coefficients at stable state for each specimen 

were taken as the final values. For each alloy at each temperature, the friction coefficients 

from three tests were averaged and the average friction coefficients are illustrated in 

Figure 5-9(b). 
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119  



AlloyA AlloyB AlloyC AlloyD AlloyE AlloyF 

(b) 

Figure 5-9: Average friction coefficients: (a) variation with time for alloy D tested at 

450°C and (b) comparison among Stellite alloys. 

5.3.2 Results and analysis 

From the diagrams in Figure 5-9(b), friction coefficient increased with the 

specimen temperature for all the alloys being studied. This may be understood as with 

increasing the specimen temperature adhesion of the contact surfaces under wear was 

more prone to occur, which resulted in the increase of the friction coefficient. However, it 

hardly relates the friction coefficients directly to the wear loss results, because the friction 

may be affected by many factors during the wear test such as defects in the specimen 

material, wear debris, vibration of the testing system, and so on. In addition to these, the 

friction coefficient is also associated with multiple features of the material under wear 

test. Therefore, there is no such simple relation that the larger the friction coefficient, the 
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more the wear is caused. For example, the wear results show that at room temperature 

alloy D has the worst wear resistance but the friction coefficient of this alloy measured at 

the room temperature is the least among the alloys tested. As known from above 

analyses, alloy D contains a very small volume fraction of carbides so that the wear 

resistance of this alloy is controlled by its solution matrix. Compared with the other 

alloys, alloy D is nearly one-phase alloy. The alloys with carbides may encounter with 

cracking/fracture of carbides under the wear attack; the spallation of carbide debris from 

the material may consequently act as the third body between the contact surfaces, which 

would increase the friction in the successive wear. Without carbides, on the other hand, 

the debris from the alloy D surface was only chips and it may not influence the reaction 

between the contact surfaces very much. In general, the more smooth the contact 

surfaces, the less the friction is. Based on this premise, the lower friction coefficient of 

alloy D at room temperature can be explained. 

5.4 Worn Surface Analysis 

5.4.1 Specimens tested at room temperature 

In order to better understand the wear test results and explore the wear 

mechanisms of Stellite alloys, the worn surfaces of the tested specimens were examined 

using the Hitachi Model S-570 Scanning Electron Microscope. The images of worn 

surface morphologies of each specimen from the room temperature test are provided in 

Figure 5-10 to Figure 5-15. 
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(a) 

(b) 

Figure 5-10: SEM images of worn surface of alloy A tested at room temperature: 

(a) at low magnification and (b) at high magnification. 



(a) 

(b) 

Figure 5-11: SEM images of worn surface of alloy B tested at room temperature: 

(a) at low magnification and (b) at high magnification. 



(a) 

(b) 

Figure 5-12: SEM images of worn surface of alloy C tested at room temperature: 

(a) at low magnification and (b) at high magnification. 
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(a) 

(b) 

Figure 5-13: SEM images of worn surface of alloy D tested at room temperature: 

(a) at low magnification and (b) at high magnification. 
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(a) 

(b) 

Figure 5-14: SEM images of worn surface of alloy E tested at room temperature: 

(a) at low magnification and (b) at high magnification. 
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(a) 

(b) 

Figure 5-15: SEM images of worn surface of alloy F tested at room temperature: 

(a) at low magnification and (b) at high magnification. 



Sliding wear generally occurs by three mechanisms: oxide control, contact stress, 

resistance to deformation and subsurface fatigue. For Stellite alloys, oxidation resistance 

is mainly determined by their Cr content; contact stress and deformation resistance are 

affected by their hardness, which is associated with the carbides content in the alloys; 

subsurface fatigue is controlled by the toughness of their solution matrices. 

For the worn surface of alloy F in Figure 5-15, the wear track is apparently 

shallow and narrow, compared with the other alloys, which confirms that this alloy has 

the least wear loss and best wear resistance among the alloys being studied. The worn 

surface of this alloy also looks fairly smooth, but in the high magnification image, one 

may observe that the solution matrix (in grey) is ploughed and the carbides (in white) are 

crushed. For alloy D, due to the low carbon content or small volume fraction of carbides, 

the wear loss of this alloy is mainly caused by material removal of the solid solution 

matrix, which can be clearly seen in the high magnification image in Figure 5-13(b). 

Significant cracking and fracture of the solution matrix are observed in the worn surface 

of this alloy, which have caused material removal in bulk in the surface, leading to the 

large wear loss of this alloy. In contrast, alloy A has a large volume fraction of carbides 

due to the high content of carbon, and therefore its worn surface is less cracked and 

damaged, as seen in Figure 5-10. Alloy C and alloy E have a similar morphology of worn 

surface, as shown in Figure 5-12 and Figure 5-14. Their matrices show accumulated 

plastic deformation resulting from cyclic mechanical attack during the wearing process, 

which is characterized by a staircasing profile. It is also observed that in some local areas 

carbides were crushed during the wear process. Alloy B appears differently from the 

others. As seen in Figure 5-11, plastic deformation of the matrix is less but particle 
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spallation from the matrix can be observed obviously in this alloy surface, which may be 

the main reason for larger wear loss than the other alloys except alloy D. 

5.4.2 Specimens tested at elevated temperatures 

As the specimen temperature increased to 250°C, the wear resistance of all the 

alloys decreased. This may be theoretically explained due to softening of the alloys at 

elevated temperatures, which resulted in loss of the strengths. In addition, high 

temperature oxidation may be another cause of increase in wear loss, because in the 

room-temperature wear test oxidation may occur only at the contact surfaces where 

friction heat is generated due to rubbing of wearing surfaces. However, in 

high-temperature wear, the whole specimen is heated, which generates oxidation of its 

surface. In the meanwhile, under mechanical attack in the wear process the oxide film 

breaks down, adding to the material loss. 

The images in Figure 5-16 show obvious oxidation and oxide film breakdown in the worn 

surface of alloy A specimen. This corresponds to the observation of high-temperature 

hardness test. This alloy was seriously oxidized at 650°C in the hardness test. In the wear 

test, although the specimen temperature was 250°C, the real temperature of the material 

at the wearing (contacting) surface would be much higher than 250°C because of friction 

heat. At this temperature the alloy A material could be oxidized. Compared to alloy A, 

much less oxidation is observed in the worn surfaces of alloy B specimen and alloy C 

specimen, see Figure 5-17 and Figure 5-18. This is also consistent with the observation in 

the high-temperature hardness test. As known from the previous chapter, alloy B and 

alloy C were not oxidized obviously at 650°C. For alloy D, tested at 250°C, it still 
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exhibited the worst wear resistance among the alloys tested. Similar wear mechanisms at 

room temperature can occur in this alloy tested at 250°C. Local oxidation occurred in this 

alloy surface, characterized by white spots in the image in Figure 5-19(a). In the high 

magnification image, Figure 5-19(b), one may also see oxides (in white) in the large 

plastic deformation regions. Different from the room temperature test, at 250°C alloy E 

exhibited better wear resistance than alloy F. The main reason for the decrease in wear 

resistance of alloy F at elevated temperatures may be surface oxidation. Comparing the 

image in Figure 5-20 with that in Figure 5-21; the oxidation debris in the worn surface of 

alloy F is apparently more and larger. Its lower chromium content may be responsible for 

the lower oxidation resistance of this alloy. The high-temperature hardness test also 

showed that alloy E and alloy F were oxidized at 650°C; (W,Co)6C carbide phase was 

oxidized more severely than other phases since it does not contain chromium. 
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(b) 

Figure 5-16: SEM images of worn surface of alloy A tested at 250°C: 

(a) at low magnification and (b) at high magnification. 

(a) 



(b) 

Figure 5-17: SEM images of worn surface of alloy B tested at 250°C: 

(a) at low magnification and (b) at high magnification. 

(a) 



(b) 

Figure 5-18: SEM images of worn surface of alloy C tested at 250°C 

(a) at low magnification and (b) at high magnification. 

(a) 



(b) 

Figure 5-19: SEM images of worn surface of alloy D tested at 250°C: 

(a) at low magnification and (b) at high magnification. 

(a) 



(b) 

Figure 5-20: SEM images of worn surface of alloy E tested at 250°C: 

(a) at low magnification and (b) at high magnification. 



(b) 

Figure 5-21: SEM images of worn surface of alloy F tested at 250°C: 

(a) at low magnification and (b) at high magnification. 

Further analyzing the worn surfaces of the specimens tested at 450°C, it is found 

that all the specimens exhibited obvious oxidation at this temperature, but alloy B and 

alloy C were still better than the others, as shown in Figure 5-22 to Figure 5-27. Alloy B 

exhibited the worst wear resistance at 450°C and alloy E exhibited relatively good wear 

resistance at high temperatures. There are two possible reasons for alloy E being more 

wear-resistant at high temperatures; one is that this alloy has the highest chromium 

content among the alloys being studied, which enhanced its resistance to oxidation; the 

other is that this alloy also exhibited good resistance to wear at room temperature, owing 

to the presence of a large amount of (W,Co)6C and M7C3 carbides. Regarding alloy B, it 

contains the least carbon among the alloys except alloy D that a low-carbon Stellite alloy. 
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This may be the main reason for the lowest wear resistance of this alloy at both room 

temperature and at high temperatures. Alloy B also suffered from high-temperature 

oxidation, but together with alloy C it was less oxidized, compared to the others. The 

oxide debris and the fresh surfaces exposed after the oxide films were broken down can 

be found in its worn surface, see Figure 5-23. Comparing alloy C with alloy A, the 

former was worse in wear resistance at room temperature but better at high temperatures. 

The better oxidation resistance of alloy C may be beneficial for the less wear loss at high 

temperatures. 
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(b) 

Figure 5-22: SEM images of worn surface of alloy A tested at 450°C: 

(a) at low magnification and (b) at high magnification. 

(a) 
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(b) 

Figure 5-23: SEM images of worn surface of alloy B tested at 450°C: 

(a) at low magnification and (b) at high magnification. 

(a) 
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(b) 

Figure 5-24: SEM images of worn surface of alloy C tested at 450°C: 

(a) at low magnification and (b) at high magnification. 

(a) 



(b) 

Figure 5-25: SEM images of worn surface of alloy D tested at 450°C: 

(a) at low magnification and (b) at high magnification. 



(b) 

Figure 5-26: SEM images of worn surface of alloy E tested at 450°C: 

(a) at low magnification and (b) at high magnification. 

(a) 



(b) 

Figure 5-27: SEM images of worn surface of alloy F tested at 450°C: at low 

magnification and (b) at high magnification. 

The wear loss results show all the alloys lost wear resistance at the temperature of 

650°C except alloy D that had an increase in wear resistance. The abnormal behaviour of 

alloy D at high temperatures is possibly attributed to surface hardening which was caused 

by strain hardening and the "glazing" effect [31]. The morphology of the worn surface in 

Figure 5-25 shows large plastic deformation flow in the alloy D specimen surface. Since 

this alloy contains a very small amount of carbides, the plastic flow occurring in the 

solution matrix of this alloy appears continuous, as seen in Figure 5-25(b), which is the 

most significant difference in worn surface features of alloy D from the other alloys. 
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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 of a material, and hence control the 

physical/mechanical properties of its products. The most important element addition in 

Stellite alloys is carbon, which determines the amount of carbides in the alloys. The 

volume fraction of carbides in Stellite alloys controls the hardness and wear resistance of 

these alloys. Among the six alloys studied in this research, alloy D contains considerably 

less carbon, so that it is a solution-strengthened alloy. In its microstructure, as shown in 

Figure 3-8, there is a very small amount of carbides. On the contrary, alloy A contains a 

very high content of carbon, thus a large amount of carbides, in the forms of both primary 

Cr7C3 and eutectic (W,Co)eC, as seen in its microstructure in Figure 3-5. This alloy has a 

hyper-eutectic microstructure. In addition to carbon, other alloying elements such as Cr, 

W and Mo also play an important role in the microstructures of Stellite alloys. For 

example, tungsten mostly serves to provide additional strength to the solid solution 

matrix, but when present in large quantities, it participates in the formation of carbides 

during alloy solidification and promotes the precipitation of (W,Co)6C, as demonstrated 

in the microstructures of alloy A, alloy C, alloy E and alloy F in Figure 3-5, Figure 3-7, 

Figure 3-9 and Figure 3-11. Molybdenum in alloy B and alloy D also serves to provide 

additional strength to the matrix; it also enhances corrosion resistance. Chromium is the 

indispensable element in Stellite alloys. The six alloys under investigation all contain a 

large amount of chromium (22 ~ 33.5 wt%) which provides corrosion and oxidation 
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resistance and also forms chromium carbides for wear resistance. Nickel in alloy A, alloy 

B, alloy C and alloy D stabilizes fee form of the matrix at room temperature, which 

increases machinability of the alloys. Boron in alloy E provides strengthening by effects 

on grain boundaries and by precipitate formation. But the main effect of boron in this 

alloy is for the purpose of powder metallurgy. As discussed previously, addition of boron 

can reduce the melting temperature of the alloy, which favours microstructural 

homogenization of the part in P/M process [29]. On the other hand, owing to the feature 

of low melting point the presence of boron can enhance the mobility of the alloy during 

the hardfacing welding process [32]. 

6.1.2 Relationship between microstructure and hardness 

The hardness test was performed on individual phases of the microstructure for 

each alloy being studied in this research. As demonstrated in the indentation test, The 

solid solutions of Stellite alloys are much softer than carbides, whether O7C3 or 

(W,Co)6C. Therefore, the overall hardness of each alloy is controlled by the volume 

fraction of carbides in its microstructure. Definitely, the more carbides in the 

microstructure, the harder the alloy is. For example, alloy A, alloy E and alloy F have a 

hyper-eutectic microstructure because of the high carbon and tungsten contents in their 

chemical compositions, containing a large amount of O7C3 and (W,Co)6C carbides, 

whereas alloy D is a solution-strengthened alloy, containing a very small fraction of 

carbides due to the very low carbon content. Thus alloy A, alloy E and alloy F must be 

much harder than alloy D, which was confirmed by previous research and reported in 

literature [1]. In addition, the indentation test results show that O7C3 is harder than 
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(W,Co)6C, as illustrated in Figure 6-1, therefore, with the same amount of carbides the 

alloy that contains more O7C3 will have higher overall hardness than the alloy that 

contains more (W,Co)eC. For the solid solution phase, owing to the different constituents, 

the solid solutions of each alloy vary in hardness, as illustrated in Figure 6-2. The solid 

solution of alloy A is the hardest among the other alloys and that of alloy D is the softest. 

The solid solution of alloy C has comparable hardness to that of alloy A. The higher 

hardness of solid solutions of alloy A and alloy C are attributed to the high tungsten 

contents. Although the hardness values of solid solutions of alloy E and alloy F are not 

available, as explained earlier, it can be deducted that the solid solutions of these two 

alloys are hard and may be harder than those of alloy A and alloy C because of the very 

high tungsten contents in their compositions. 
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Figure 6-1: Comparison of hardness between the carbides in Stellite alloys. 
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Figure 6-2: Comparison of hardness between the solid solutions in Stellite alloys. 

6.1.3 Relationship between microstructure and wear resistance 

Similar to the discussion on hardness, the volume fraction of carbides in a Stellite 

alloy determines its wear resistance. As demonstrated by the pin-on-disc wear test, the 

wear resistance of Stellite alloys at room temperature is directly related to their carbon 

contents. This is because carbides are much more resistant to wear than solid solution. Of 

course, other alloying elements also play an important role in wear resistance of Stellite 

alloys, for example, tungsten. As shown in Figure 5-7(a), alloy A exhibited excellent 

wear resistance at room temperature; this is because it has a hyper-eutectic 

microstructure, containing a large volume fraction of carbides. However, although alloy F 

contains less volume fraction of carbides than alloy A, it exhibited higher wear 

resistance, as shown in Figure 5-7(a). This can be attributed to the high content of 

tungsten in alloy F, which not only promoted the formation of a large amount of 
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wear-resistant (W,Co)6C but also enhanced the wear resistance of the solution matrix as a 

solute. Also, alloy E has a hyper-eutectic microstructure, but the volume fraction of 

carbides in this alloy is apparently less than that in alloy A due to the reduced carbon 

content. As a result, alloy E exhibited lower wear resistance than alloy A at room 

temperature, as seen in Figure 5-7(a). On the contrary, alloy B and alloy C all have a 

hypo-eutectic microstructure, containing much less volume fraction of carbides compared 

with alloy A and alloy E, accordingly, these alloys exhibited worse wear resistance at 

room temperature, as seen in Figure 5-7(a). Between alloy B and alloy C, the latter is 

better in wear resistance owing to its larger volume fraction of carbides compared with 

the former, especially the presence of wear-resistant (W,Co)6C. Finally, the low-carbon 

Stellite alloy, alloy D, contains a very small amount of carbides, so that it exhibited the 

worst wear resistance at room temperature amount the alloys being studied. 

6.1.4 Relationship between hardness and wear resistance 

As discussed earlier, hardness is commonly related to wear resistance, because it 

is generally accepted that the harder the material, the higher the wear resistance. This 

hypothesis is based on the fact that hardness is a measure of a solid material to resist 

permanent deformation. According to the fundamentals of abrasive wear, this type of 

wear is related to interactions between surfaces and more specifically related to the 

removal and deformation of material on a surface as a result of mechanical action of the 

opposite surface [33]. During a wear process, the relative motion between two contact 

surfaces results in impingement of asperities due to mechanical attack, which generates 

plastic deformation at the sub-layer beneath the contact surface. Plastic deformation is 

148 



accumulated with the reciprocal impingement of asperities in the wear process until the 

resulting strain at the sub-layer reaches the failure limit of the surface material; fracture 

then occurs in the contact surface, which leads to the removal of material from the 

surface at the sub-layer [34, 35]. Since hardness of a material measures its ability to resist 

permanent deformation, while wear of a material is directly caused by accumulated 

permanent deformation at the sub-layer of the wearing surface, the hardness level of a 

material can represent its capability of resisting wear in certain extent. However, not in 

all cases and not for all materials, the premise that the harder the material, the greater the 

wear resistance, applies. As extensively studied and reported in literature, wear is a 

complicated process involving multiple factors such as the properties of the material 

under wear, counterpart material, surface condition, environment, etc., these may all 

affect the wear of a material. 

From the hardness test results, both O7C3 and (W,Co)6C carbides are much 

harder than the solid solutions of Stellite alloys. Accordingly, the alloys containing more 

carbides are more resistant to wear than those containing less carbides, as demonstrated 

by the pin-on-disc wear test. Certainly, as discussed above, in addition to carbides, other 

alloying elements such as tungsten and molybdenum also influence the wear resistance of 

Stellite alloys. As shown in Figure 6-2, the solid solutions of alloy A and alloy C are 

harder than those of alloy B and alloy D. If correlating the hardness of these solid 

solutions with chemical compositions of their corresponding alloys, one may find that the 

higher tungsten content may be the main contribution to the hardness increase of alloy A 

and alloy C, and the increased hardness consequently enhanced the wear resistance of 

these alloys, as seen in Figure 5-7(a), alloy A and alloy C are more resistant to wear than 
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alloy B and alloy D. It can be deduced that the high wear resistance of alloy F is 

attributed to both enhanced hardness of the solid solution matrix and formation of large 

volume fraction of hard (W,Co)6C carbide due to the high tungsten content. 

6.2 Temperature Effects 

6.2.1 Effects on hardness 

The hardness tests at elevated temperatures revealed that both the solid solution 

phase and carbide phases of Stellite alloys were affected by temperature, but the 

temperature effect on carbides was trivial and can be neglected. The solid solutions were 

softened at elevated temperatures; this may be due to the promoted atomic motion and 

relief of stress. The better high-temperature performance of carbides may be attributed to 

their higher melting points. Chromium carbides have a high melting point between 

1250°C ~ 1895°C and tungsten carbides can be as high as 2870°C. The solid solutions of 

Stellite alloy mostly melt at the temperatures between 1000°C ~ 1200°C. The main 

reasons that caused softening of solid solutions at the temperatures (250°C, 450°C and 

650°C) can be the so-called stress relief anneal. This heat treatment is usually used to 

reduce residual stresses in large castings, welded parts and cold-formed parts. Such parts 

tend to have stresses due to thermal cycling or work hardening. At these temperatures any 

dislocations and residual stresses induced in the specimen material during the material 

processing and the specimen manufacturing may be released. It was also found that after 

the heating/cooling cycle performed in the indentation test the solid solutions were 

hardened. This can be explained as the structures of the solid solutions were 

homogenized by the heating/cooling cycle as a heat treatment process, which increased 
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the overall strength of the solid solutions and thus the local resistance to deformation in 

the indentation test. As carbides have good high-temperature properties, they were almost 

not softened at the temperatures up to 650°C, that is, the microstructures of the carbides 

remained nearly unchanged at this high temperature. Therefore, the hardness of the 

carbides was not altered by the heating/cooling cycle. In addition, comparing the 

temperature dependence data of hardness of the solid solutions in Table 4-4, it is found 

that the solid solutions containing tungsten have lower variation sensitivity. The higher 

the tungsten content, the lower the variation sensitivity. The beneficial effect of tungsten 

on the high-temperature properties of Stellite alloys is owing to its high melting point and 

excellent high-temperature performance. 

6.2.2 Effects on wear resistance 

The wear behaviour of Stellite alloys at elevated temperatures is much complex 

than that at room temperature, because the temperature effect may induce many changes 

in the factors that are involved in the wear process, for example, the material surface may 

be oxidized, the synergic effect of temperature and mechanical attack may result in 

different wear mechanisms. 

It was demonstrated by the wear test that when the specimen temperature was 

increased, the wear resistance of all the alloys decreased. This was due to softening of the 

alloys at elevated temperatures, resulting in loss of their strength. Also, high temperature 

oxidation was another cause of increase in wear loss, because in room temperature wear 

oxidation occurred only at the contact surfaces where friction heat was generated due to 

rubbing of wearing surfaces. However, in high temperature wear the whole specimen was 
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heated, which resulted in oxidation of the specimen surface; under mechanical attack 

during the wear process the oxide films were broken down, thus increasing the material 

loss. The oxidation behaviour of Stellite alloys in high temperature wear can be found in 

the worn surfaces of the alloy specimens, shown in Figure 5-16 to Figure 5-27, the white 

areas are the debris of oxidation. 

The significant reduction in wear resistance of alloy F at elevated temperatures 

may be caused by the lowered chromium content in this alloy, which compromised its 

oxidation resistance. In its worn surface in Figure 5-21 and Figure 5-27 oxide debris can 

be largely found, in particular, in Figure 5-27 (b) one may see large areas of fresh surface 

due to breakdown and removal of oxide films. 

The abnormal behaviour of alloy D worn at 450°C was possibly attributed to 

surface hardening, which may be caused by two aspects. In one aspect, alloy D contains 

very low carbon thus a very small amount of carbides so that the properties of this alloy 

are dominated by the cobalt solid solution. Cobalt solid solution is much softer than the 

tougher carbides, as demonstrated by the hardness test. At high temperatures the 

dislocations occurring in the solid solution due to mechanical attack of wear was 

aggravated because of enhanced atom motion, which rendered the wearing surface 

strain-hardened. In the meanwhile, both the high temperature and induced stress 

promoted the fee —> hep transformation of the solid solution, which also contributed to 

the surface hardening [36]. This behaviour can be further confirmed by the morphology 

of its worn surface in Figure 5-25; large plastic deformation flow can be observed. In the 

other aspect, during the wear process the material was removed from the surface as fine 

particles. These hard and tough particles may be pressed into the solution matrix under 
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the wear load at high temperatures when it got softened. This physical change of the 

surface hardness enhanced its wear resistance, which is so-called "glazing" effect [31]. It 

should be indicated that the surface hardening of this alloy only occurred in the worn area 

and the overall surface may still be softened at high temperatures, as demonstrated by the 

indentation test. 

Alloy B exhibited the worst wear resistance at both room temperature and 

elevated temperatures among the studied alloys except alloy D. In particular, the wear 

resistance of alloy B decreased quickly with temperature. One possible reason for its 

worse wear resistance is the lower tungsten and carbon contents of this alloy, which 

renders its solid solution relatively less strengthened, compared with the other four alloys 

(alloy D excluded). Another possible reason may be the nickel content, which suppressed 

the fee -» hep transformation of the solution matrix. Nickel has the similar function to 

molybdenum and tungsten as a solution strengthening element but it can also stabilize the 

fee phase at low temperatures [37]. The wear resistance of alloy A also dropped 

significantly with temperature. Surface oxidation was the main contribution to the largely 

increased wear loss of this alloy at elevated temperatures. As seen in its worn surfaces, at 

the lower temperature 250°C about half of the worn surface was covered by oxide debris; 

see Figure 5-17(a), but at the higher temperature 450°C almost the entire worn surface 

was covered by oxide debris; see Figure 5-25(a). Furthermore, in the images at high 

magnification in Figure 5-22(b) and Figure 5-27(b), one may see broken oxide films left 

in the worn surface and the fresh surfaces after the breakdown and removal of the oxide 

films. In addition to oxidation, another feature of the worn surfaces is also noticeable. By 

closely examining the worn surfaces of alloy A and alloy C specimens tested at 450°C, 
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one may find largely cracking of carbides in alloy A but less cracking in alloy C, see 

Figure 6-3. Alloy A contains a very high content of carbon thus a large volume fraction 

of carbides in its microstructure. Carbides are much more brittle than the cobalt solid 

solution and therefore they were much easier to crack/fracture by mechanical attack in 

the wear process. At high temperatures, the interface bonding between the solid solution 

and the carbides would be weakened due to the softening of the solution matrices, which 

definitely increased the occurrence probability of cracking and spalling-off of the 

carbides. The spallation of the carbides from the specimen surface added to the material 

loss. Since alloy A has much more carbides than alloy C, it had more chances for 

carbides cracking and spalling-off in the wear process. The fractured carbides that spalled 

sequentially from the surface due to the successive wear attacks resulted in the large wear 

loss of the alloy material. 

In consistence with the observations in the indentation test, the worn surfaces of 

alloy B and alloy C specimens tested at elevated temperatures were much less oxidized 

than the other alloys, see Figure 5-17, Figure 5-18, Figure 5-23 and Figure 5-24. Alloy C 

exhibited relatively good wear resistance at high temperatures; see Figure 5-7(c). Its 

better oxidation resistance may be the main contribution. In the meanwhile, it has higher 

tungsten content, which enhanced the high temperature performance of this alloy such as 

hardness and wear resistance. 
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(a) 

(b) 

Figure 6-3: Worn surface images showing cracks: (a) alloy A and (b) alloy C. 
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Alloy E exhibited the best wear resistance at the higher temperature 450°C among 

the alloys being studied, as seen in Figure 5-7(c). Possible reasons can be summarized as 

follows. This alloy also has better wear resistance at room temperature owing to the high 

carbon and tungsten contents; see Figure 5-7(a). The high tungsten content maintained 

the good properties of the solid solution such as hardness and wear resistance at high 

temperatures. Although this alloy was oxidized at 450°C, the oxidation was less than that 

of alloy A and alloy F, as seen in Figure 5-26. The very high chromium content was 

beneficial for its better oxidation resistance. Cracking of carbides also occurred in this 

alloy, as shown in Figure 6-4. However, compared with alloy A, cracks in alloy E worn 

surface are less because the volume fraction of carbides in alloy E is less than that in 

alloy A. Less cracks would resulted in less damage of the worn surface, thus less wear 

loss. Between alloy C and alloy E, they have similar wear resistance at 450°C, but the 

latter is slightly better than the former. Considering high-temperature oxidation, alloy C 

seemed better from both the indentation test and worn surface analysis. Regarding the 

hardness and strength of solid solution, it can be deduced from Figure 6-2 that the solid 

solution of alloy E is harder and more strengthened due to its higher tungsten content. 

Finally, the higher carbon content determines the higher wear resistance of alloy E than 

alloy C at room temperature, as illustrated in Figure 5-7(a). However, alloy C exhibited 

less reduction of wear resistance with temperature. This can be attributed to its higher 

oxidation resistance and less cracking/fracture/spalling-off of carbides at high 

temperatures. 
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Figure 6-4: Cracks in the worn surface of alloy E specimen. 
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7 Chapter: Conclusions and Further Work 

7.1 Summary 

Six different Stellite alloys that cover main features of Stellite alloy family have 

been studied in this research. For the most important agent, carbon, in Stellite alloys, the 

six alloys vary between 0.25 ~ 2.4 wt%, that is, they are classified into low-carbon, 

medium-carbon and high-carbon Stellite alloys, respectively. For the main alloying 

element, chromium, these alloys have a content between 22 ~ 33.5 wt%. For another 

important alloying element, tungsten, they have a content between 0 ~ 32%. The hardness 

and tribological behaviour of these alloys was investigated at both room temperature and 

at elevated temperatures (450-650°C). The relationships between chemical composition, 

microstructure, hardness and wear resistance of these alloys were studied, with focus on 

thermal-dependence on these relations. In summary, the following conclusions can be 

derived from this research: 

1. Verified that the carbon content of a Stellite alloy determines the volume fraction of 

carbides in its microstructure. The higher the carbon content, the larger the volume 

fraction of carbides is. Increase of chromium content enhances the high-temperature 

oxidation resistance of Stellite alloys and increase of tungsten content enhances the 

performance at high temperatures of Stellite alloys. Tungsten in Stellite alloys serves 

to provide additional strength to the solution matrix, but when present in large 

quantities, it participates in the formation of carbides. 

2. Verified that the cobalt solid solutions of Stellite alloys are much softer than the 

carbides dispersed in the solution matrices. The solid solutions can be softened at 

elevated temperatures and can also be hardened by the heating/cooling cycle (heat 
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treatment). The solid solution of a Stellite alloy can be strengthened by adding more 

tungsten. Also, increasing the tungsten content can increase the hardness performance 

of the solid solution at high temperatures. However, the carbides in Stellite alloys are 

less sensitive to temperature; their hardness is almost not affected by 

temperature/thermal (up to 650°C) effect. 

3. The wear resistance of Stellite alloys at room temperature mainly depends on their 

carbon content. The higher the carbon content, the better the wear resistance of the 

alloy. However, the alloying element, tungsten, also plays an important role in 

controlling the wear resistance of Stellite alloys, because it not only enhances the solid 

solution matrix but also participates in the formation of carbides when present in large 

quantities in Stellite alloys. 

4. The tribologicai behaviour of Stellite alloys at elevated temperatures (450-650°C) is 

much more complex than that at room temperature. The carbon content effect on the 

wear resistance of Stellite alloys is not as significant at elevated temperatures as at 

room temperature, whereas material oxidation has greater effect on the wear resistance 

of Stellite alloys at high temperatures. Tungsten, with excellent high-temperature 

properties, also plays an important role in enhancing the hot wear resistance of Stellite 

alloys. Cracking/fracture/spalling-off of carbides is more prone to occur at high 

temperatures due to the softening of the solid solutions, which increases the wear loss 

of the material. 

5. The wear resistance of Stellite alloys, in general, decreases with temperature. 

However, for low-carbon Stellite alloys, at high temperatures the wear resistance is 

increased. This abnormal behaviour can be attributed to the surface hardening, which 
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results from three aspects: strain hardening (aggravated dislocations), the fee —> hep 

transformation and "glazing" effect. 

6. At room temperature, the wear resistance of Stellite alloys is mainly determined by the 

volume fraction of carbides in the alloys. Since carbides are harder than cobalt solid 

solution, the wear resistance of Stellite alloys at room temperature is generally 

proportional to their hardness. However, exceptions are also possible. For example, 

very high tungsten addition can enhance the wear resistance of the cobalt solid 

solution and form (W,Co)eC carbide, which provides increased overall wear resistance 

of the alloy. At high temperatures, the direct relation between hardness and wear 

resistance for Stellite alloys does not apply, due to the multiple and complex factors 

involved in the synergistic condition of temperature effect and mechanical load. 

7.2 Future Work 

1. Only six alloys were studied in this research, although they cover main features of 

Stellite alloy family. To further verify the conclusions summarized above. A wider 

range of alloys should be selected for study, with different combinations of 

constituents in chemical composition. Particularly alloys with varying amounts of 

carbon, chromium and tungsten. 

2. Since material oxidation has significant influence on the wear resistance of Stellite 

alloys at high temperatures. The oxidation behaviour of these alloys needs to be 

specially investigated using the TGA technique. 

3. The final goal of this project is to develop a mapping model, which represents material 

informatics. Using such a model, the temperature-dependent hardness and wear 
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resistance of any alloy whose chemical composition is in the domain of the 

constituents of Stellite alloys can be predicted. This model can also be used as a 

guideline for material selection and design of Stellite alloys. 
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Appendix A: Hardness Indentations 

(a) (b) 

Figure 0-1: Microscopic images of indentation left in alloy A specimen tested at 20°C 

before heating: (a) solid solution and (b) carbides/solution mixture. 

(a) (b) 

Figure 0-2: Microscopic images of indentation left in alloy A specimen tested at 250°C in 

heating cycle: (a) solid solution and (b) carbides/solution mixture. 



(a) (b) 

Figure 0-3: Microscopic images of indentation left in alloy A specimen tested at 450°C in 

heating cycle: (a) solid solution and (b) carbides/solution mixture. 

(a) (b) 

Figure 0-4:Microscopic images of indentation left in alloy A specimen tested at 650°C in 

heating cycle: (a) solid solution and (b) carbides/solution mixture. 
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(a) (b) 

Figure 0-5: Microscopic images of indentation left in alloy A specimen tested at 450°C in 

cooling cycle: (a) solid solution and (b) carbides/solution mixture. 

(a) (b) 

Figure 0-6: Microscopic images of indentation left in alloy A specimen tested at 250°C in 

cooling cycle: (a) solid solution and (b) carbides/solution mixture. 
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(a) (b) 

Figure 0-7: Microscopic images of indentation left in alloy A specimen tested at 20°C 

after heating/cooling: (a) solid solution and (b) carbides/solution mixture. 

(a) (b) 

Figure 0-8: Microscopic images of indentation left in alloy B specimen tested at 20°C 

before heating: (a) solid solution and (b) carbide with minor solid solution. 



(a) (b) 

Figure 0-9: Microscopic images of indentation left in alloy B specimen tested at 250°C in 

heating cycle: (a) solid solution and (b) carbide with minor solid solution. 

(a) (b) 

Figure 0-10: Microscopic images of indentation left in alloy B specimen tested at 450°C 

in heating cycle: (a) solid solution and (b) carbide with minor solid solution. 
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(a) (b) 

Figure 0-11: Microscopic images of indentation left in alloy B specimen tested at 650°C 

in heating cycle: (a) solid solution and (b) carbide with minor solid solution. 

(a) (b) 

Figure 0-12: Microscopic images of indentation left in alloy B specimen tested at 450°C 

in cooling cycle: (a) solid solution and (b) carbide with minor solid solution. 
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(a) (b) 

Figure 0-13: Microscopic images of indentation left in alloy B specimen tested at 250°C 

in cooling cycle: (a) solid solution and (b) carbide with minor solid solution. 

(a) (b) 

Figure 0-14: Microscopic images of indentation left in alloy B specimen tested at 20°C 

after heating/cooling: (a) solid solution and (b) carbide with minor solid solution. 
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(a) (b) 

Figure 0-15: Microscopic images of indentation left in alloy C specimen tested at 20°C 

before heating: (a) solid solution and (b) carbide with minor solid solution. 

(a) (b) 

Figure 0-16: Microscopic images of indentation left in alloy C specimen tested at 250°C 

in heating cycle: (a) solid solution and (b) carbide with minor solid solution. 
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(a) (b) 

Figure 0-17: Microscopic images of indentation left in alloy C specimen tested at 450°C 

in heating cycle: (a) solid solution and (b) carbide with minor solid solution. 

(a) (b) 

Figure 0-18: Microscopic images of indentation left in alloy C specimen tested at 650°C 

in heating cycle: (a) solid solution and (b) carbide with minor solid solution. 
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(a) (b) 

Figure 0-19: Microscopic images of indentation left in alloy C specimen tested at 450°C 

in cooling cycle: (a) solid solution and (b) carbide with minor solid solution. 

(a) (b) 

Figure 0-20: Microscopic images of indentation left in alloy C specimen tested at 250°C 

in cooling cycle: (a) solid solution and (b) carbide with minor solid solution. 
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(a) (b) 

Figure 0-21: Microscopic images of indentation left in alloy C specimen tested at 20°C 

after heating/cooling: (a) solid solution and (b) carbide with minor solid solution. 

(a) (b) 

Figure 0-22: Microscopic images of indentation left in alloy D specimen tested at 20°C 

before heating: (a) solid solution and (b) carbides/solution mixture. 
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(a) (b) 

Figure 0-23: Microscopic images of indentation left in alloy D specimen tested at 250°C 

in heating cycle: (a) solid solution and (b) carbides/solution mixture. 

(a) (b) 

Figure 0-24: Microscopic images of indentation left in alloy D specimen tested at 450°C 

in heating cycle: (a) solid solution and (b) carbides/solution mixture. 
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(a) (b) 

Figure 0-25: Microscopic images of indentation left in alloy D specimen tested at 650°C 

in heating cycle: (a) solid solution and (b) carbides/solution mixture. 

(a) (b) 

Figure 0-26: Microscopic images of indentation left in alloy D specimen tested at 450°C 

in cooling cycle: (a) solid solution and (b) carbides/solution mixture. 
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(a) (b) 

Figure 0-27: Microscopic images of indentation left in alloy D specimen tested at 250°C 

in cooling cycle: (a) solid solution and (b) carbides/solution mixture. 

(a) (b) 

Figure 0-28: Microscopic images of indentation left in alloy D specimen tested at 20°C 

after heating/cooling: (a) solid solution and (b) carbides/solution mixture. 
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(a) (b) 

Figure 0-29: Microscopic images of indentation left in alloy E specimen tested at 20°C 

before heating: (a) carbide and (b) solid solution/carbide mixture. 

(a) (b) 

Figure 0-30: Microscopical images of indentation left in alloy E specimen tested at 250°C 

in heating cycle: (a) carbide and (b) solid solution/carbide mixture. 
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(a) (b) 

Figure 0-31: Microscopic images of indentation left in alloy E specimen tested at 450°C 

in heating cycle: (a) carbide and (b) solid solution/carbide mixture. 

(a) (b) 

Figure 0-32: Microscopic images of indentation left in alloy E specimen tested at 650°C 

in heating cycle: (a) carbide and (b) carbides/solution mixture. 
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(a) (b) 

Figure 0-33: Microscopic images of indentation left in alloy E specimen tested at 450°C 

in cooling cycle: (a) carbide and (b) solid solution/carbide mixture. 

(a) (b) 

Figure 0-34: Microscopic images of indentation left in alloy E specimen tested at 250°C 

in cooling cycle: (a) carbide and (b) solid solution/carbide mixture. 
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(a) (b) 

Figure 0-35: Microscopic images of indentation left in alloy E specimen tested at 20°C 

after heating/cooling: (a) carbide and (b) solid solution/carbide mixture. 

(a) (b) 

Figure 0-36: Microscopic images of indentation left in alloy F specimen tested at 20°C 

before heating: (a) carbide and (b) solid solution/carbide mixture. 
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(a) (b) 

Figure 0-37: Microscopic images of indentation left in alloy F specimen tested at 250°C 

in heating cycle: (a) carbide and (b) solid solution/carbide mixture. 

(a) (b) 

Figure 0-38: Microscopic images of indentation left in alloy F specimen tested at 450°C 

in heating cycle: (a) carbide and (b) solid solution/carbide mixture. 
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(a) (b) 

Figure 0-39: Microscopic images of indentation left in alloy F specimen tested at 650°C 

in heating cycle: (a) carbide and (b) solid solution/carbide mixture. 

(a) (b) 

Figure 0-40: Microscopic images of indentation left in alloy F specimen tested at 450°C 

in cooling cycle: (a) carbide and (b) solid solution/carbide mixture. 
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(a) (b) 

Figure 0-41: Microscopic images of indentation left in alloy F specimen tested at 250°C 

in cooling cycle: (a) carbide and (b) solid solution/carbide mixture. 

(a) (b) 

Figure 0-42: Microscopic images of indentation left in alloy F specimen tested at 20°C 

after heating/cooling: (a) carbide and (b) solid solution/carbide mixture. 
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Appendix B: Wear Track Cross Section Profiles 
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Figure 0-1: Cross section profiles of wear tracks in alloy A specimen tested: (a) at room 

temperature, (b) at 250°C and (c) at 450°C. 
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Figure 0-2: Cross section profiles of wear tracks in alloy B specimen tested: (a) at room 

temperature, (b) at 250°C and (c) at 450°C. 
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Figure 0-3: Cross section profiles of wear tracks in alloy C specimen tested: (a) at room 

temperature, (b) at 250°C and (c) at 450°C. 
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Figure 0-4: Cross section profiles of wear tracks in alloy D specimen tested: (a) at room 

temperature, (b) at 250°C and (c) at 450°C. 
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Figure 0-5: Cross section profiles of wear tracks in alloy E specimen tested: (a) at room 

temperature, (b) at 250°C and (c) at 450°C. 
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Figure 0-6: Cross section profiles of wear tracks in alloy F specimen tested: (a) at room 

temperature, (b) at 250°C and (c) at 450°C. 
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