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Abstract 

A novel high entropy alloy (HEA), designated as HE6, is created by combining the features 

of HEAs and Stellite alloys in this research. The new alloy has the equiatomic Co-Cr-Fe-Ni 

composition (22 at.%) with a large amount of W (19 wt.%), small amounts of C (0.96 wt.%) and 

Mo (3 wt.%). The bulk specimens of HE6 alloy are fabricated from the alloy powder via spark 

plasma sintering (SPS) and plasma transferred arc (PTA) welding processes. The microstructures 

of the SPS and PTA specimens are studied using a scanning electron microscope (SEM) equipped 

with energy dispersive X-ray spectroscopy (EDX) and using X-ray diffraction (XRD). A series of 

material characterization tests such as hardness, wear and corrosion are performed on the bulk 

HE6 specimens. As the benchmark of Stellite alloy family, Stellite 6 is investigated along with 

HE6 for comparison. It is found that HE6 alloy has a microstructure which is similar to that of 

Stellite alloys where various carbides and intermetallics are embedded in a solid solution matrix, 

but compared to Stellite 6, the FCC solid solution of HE6 consists of multi-element structures (Co, 

Cr, Fe and Ni), not single FCC Co structure, and also, the carbides and intermetallics in HE6 alloy 

are more diverse. The hardness and dry-sliding wear tests show that HE6 alloy does not perform 

as well as Stellite 6. In the electrochemical and immersion corrosion tests, similar to Stellite alloys, 

HE6 alloy displays passivation ability by forming protective Cr-rich oxide films in 3.5% NaCl, 2% 

HCl and 10% H2SO4 solutions, but localized corrosion (pitting) can occur when the oxide films 

are broken. HE6 alloy shows less resistance to corrosion under the electrochemical impedance 

spectroscopy (EIS) and cyclic polarization tests than Stellite 6, but has lower corrosion rates under 

immersion test in 5% HCl and 10% H2SO4 solutions for the longer testing duration (72 hours), 

also showing nearly stable corrosion rate with testing time, which indicates better repairing ability 

of the oxide films.  
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Chapter  1: Introduction 

1.1 Research Background and Significance  

Stellite alloys are a group of cobalt-chromium superalloys consisting of complex carbides 

and/or intermetallics embedded in a cobalt (Co) solid solution matrix. They combine good 

mechanical properties with excellent wear resistance, especially at high temperatures, along with 

admirable oxidation and corrosion resistance in various harsh environments. Their uses span 

multiple fields among aviation sector, petroleum industry and medical industry, etc. 

Stellite alloys are Co-based with additions of chromium (Cr), tungsten (W), carbon (C) 

and/or molybdenum (Mo). The combination of these elements provides a variety of properties for 

Stellite alloys in specific applications. Carbon is a critical element for designing a Stellite alloy 

since varying content of carbon significantly affects the performance of the alloys. The lower 

carbon alloys are generally recommended for cavitation, sliding wear or moderate galling wear, 

while the higher carbon alloys are usually selected for abrasion, severe galling, or low angle 

erosion wear [1].   

Two strengthening mechanisms are involved in Stellite alloys, which contribute to their 

superior properties to other metallic materials. One is solid-solution strengthening and the other is 

precipitation strengthening [2]. Chemical composition determines the microstructure and 

properties of Stellite alloys, but the manufacturing process and heat treatment can influence the 

microstructure and performance of final products significantly [2]. Manufacturing methods of 

Stellite alloys span a wide range of processes such as numbers of casting techniques, powder 

metallurgy, welding, 3D printing, and so on. Different processing procedures have great impacts 

on the microstructural morphology, such as grain size, precipitate type, and crystal structure of the 
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solid solution, etc. To choose a proper manufacturing method for a specific application is key to 

release the great potential of Stellite alloys. 

Among the hundreds of Stellite grades, Stellite 6 is the most popular as it provides a good 

balance of the properties of Stellite alloys, and has become a benchmark of Stellite alloy family. 

This alloy possesses an excellent combination of mechanical properties, high-temperature 

performance, wear and corrosion resistance in a wide range of oxidizing and reducing 

environments which benefit from its unique combination of chemical composition and 

microstructure [3][4]. Therefore, Stellite 6 alloy is often chosen as a reference alloy for comparison 

in the studies of Stellite alloys. In the present research, Stellite 6 is also selected for this purpose 

under the same investigation with the newly developed cobalt high entropy alloy (HE6).  

Traditional alloy-design concepts often rely on one or two major components with the 

minor addition of several other elements to modify the structure and improve overall properties of 

materials, for example, cobalt-based superalloys, i.e., Stellite alloys. A new concept of alloys, high 

entropy alloys (HEAs) with multi-components in equiatomic fraction, has been proposed by Dr. 

Yeh and other pioneer researchers [5] in recent years. High entropy alloy refers to an alloy that 

consists of five or more principal elements with large mixing of entropies (∆𝑆𝑐𝑜𝑛𝑓 ≥ 1.5𝑅, 𝑅 is 

gas constant) [6]. The concentration of each principal element can vary between 5 and 35 at.%, 

while some minor elements (<5 at.%) may also participate in the alloy matrix simultaneously. 

HEAs exhibit various exceptional properties such as high hardness, good ductility and high 

temperature stability, due to the introduction of extra entropy to stabilize the microstructure [6]. In 

the new multi-component material design regime, the combination of more than five major 

elements in one alloy system provides a brand-new perspective, with respect to entropy and 
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entropy-related concepts. Combining the power of computational material science, the HEA 

concept will bring much wider possibilities for new alloy systems in the near future. Since the 

concept of HEAs came out in 2004, extensive researches have been investigated over the years. 

Figure 1-1 [7] reveals the increasing number of journal publications related to HEAs suggesting 

the rising research interest in HEAs.  

 
Figure 1-1: Publications related to HEAs [7]. 

 

High entropy alloys can essentially be solid solution or amorphous, depending on their 

chemical composition and have been widely studied around the world [8]–[13]. Due to the mixing 

elements in equiatomic or near equiatomic compositions, a higher value of entropy can be obtained 

from HEAs naturally which allows disordered phases to be favored in the alloy matrix. With 

further research, more HEAs with simple solid solutions, such as face-centered cubic (FCC), body-

centered cubic (BCC) and hexagonal close-packed (HCP), have been invented to obtain excellent 

mechanical properties [14]–[16], physical properties [15][16], chemical properties [19] and 

biocompatibility [20].  
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The development of Stellite alloys during their long history has made them popularly used 

in various environments, especially at elevated temperatures, usually above 540 ℃ . The 

outstanding properties of Stellite alloys are largely attributed to the high content (>50 wt.%) of Co 

element. Cobalt element plays a crucial role in displaying the exceptional properties of Stellite 

alloys because the solid solution matrix contains mainly Co with other alloying elements such as 

Cr, W, Mo, C, etc. Cobalt imparts to its alloys an unstable FCC crystal structure with a very low 

stacking fault energy (SFE). The unstable FCC structure and its associated low stacking fault 

energy are believed to result in high yield strength, high work-hardening rate due to the interaction 

between stacking faults, limited fatigue damage under cyclic stress due to the lack of cell walls 

within plastically deformed material, the ability to absorb stress through the transformation of the 

structure to HCP [21]. However, high cost of Stellite alloys due to the limited reserves of cobalt 

ores worldwide has been a major problem for large use of these alloys. Recently, the industry 

collaborator, Kennametal Stellite Inc. ⎯ a world-wide leading company in producing various 

superalloys, has proposed a new alloy in terms of the HEA concept, with the aim at reducing Co 

content in Stellite alloys hence the cost of the alloys, while the performance of the novel HEA can 

possibly remain at the same level of or even exceed conventional Stellite alloys. Comparing to 

conventional Stellite alloys, HE6 with much lower Co content can reduce more than 40% of the 

material cost.  

1.2 Objectives of Present Research 

In this research, a novel cobalt high entropy alloy, designated as HE6, is created, having 

near equiatomic Co-Cr-Fe-Ni composition (22 at.%) with large amounts of W and small amounts 

of C and Mo. Compared with conventional Stellite alloys, the Co content (>50 wt.%) has been 

dramatically decreased and other major elements have substituted the spare portion in this new 
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alloy. As a result, the cost of raw materials can be greatly reduced. Stellite alloy with lower cost is 

one of the driving forces of this study. 

Due to the loss in the advantages of Co which is the key constituent in Stellite alloys, HE6 

alloy is not expected to be comparable to Stellite alloys. However, by utilizing the HEA concept 

to design the chemical composition of HE6 alloy, it can be predicted that the beneficial features of 

HEAs may compensate for the loss in superior properties due to reduced Co content. Moreover, 

this research is also aimed to explore the characteristics of this novel cobalt high entropy alloy and 

find if this alloy surpasses conventional Stellite alloys in some aspects. Stellite alloys have 

extensive applications, but they are mainly used for wear and corrosion resistance, such as high 

pressure valves, bushings, cutting tools, turbine blade hardfacing/repair, etc. Therefore, the novel 

HEA alloy, HE6, was investigated under hardness, wear and corrosion tests in this research.  

Another objective of this research is to employ the advanced manufacturing technique ⎯ 

spark plasma sintering (SPS) to create the bulk specimens of HE6 alloy, which is a novel 

processing method for manufacturing bulk materials through powder metallurgy (PM). Owing to 

its shorter sintering time and lower heating temperature, compared to other sintering and remelting 

techniques, SPS has been drawing much attention in producing advanced materials in recent 

decade. As well known, the manufacturing process of alloys can greatly affect their performance 

in actual work. Hence, a traditional technique, plasma transferred arc (PTA) welding, is also used 

in this research to fabricate the bulk alloy specimens in order to compare with SPS processing 

technique. PTA is a well-developed thermal process for applying tribological and corrosive 

resistant overlays on substrate materials. Due to its high quality with economical characteristics, 

PTA has a wide range of commercial uses when hardfacing and repairing metal components are 
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needed. Therefore, it is of great significance to investigate the effects of these two processes on 

the characteristics and properties of the created alloy. As the most popular Stellite alloy and a 

benchmark in Stellite alloy family, Stellite 6 alloy is under the same investigation with HE6 alloy 

for comparison in this research.  

1.3 Tasks and Methodologies 

To achieve the goals of this research, the tasks that will be completed with the methods 

used are outlined below.  

(1) Design the chemical composition of the new cobalt high entropy alloy, HE6, in terms 

of computational entropy theorem. 

(2)  Examine the raw powders of HE6 and Stellite 6 alloy using a scanning electron 

microscope (SEM) for particle morphology and size distribution.   

(3) Investigate the phase transformation behavior of raw powders of HE6 and Stellite 6 

alloy using Differential scanning calorimetry (DSC), which helps understand the SPS and PTA 

processes for preparing the bulk alloy specimens.  

(4) Conduct a density test on the HE6 and Stellite 6 specimens prepared from SPS and PTA 

processes using the image processing method.   

(5) Conduct microstructural analysis on the HE6 and Stellite 6 specimens prepared from 

SPS and PTA processes using X-ray diffraction (XRD), SEM and energy-dispersive X-ray 

spectroscopy (EDX), focusing on microstructure morphology, phases present in the microstructure, 

and carbide/intermetallic volume fraction of each specimen.  
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(6) Conduct hardness test on the HE6 and Stellite 6 specimens prepared from SPS and PTA 

processes using a Microhardness Tester (HV scale), Model SMT-X7 Dual Indenter and a Rockwell 

Hardness Tester (HRC scale). 

(7) Conduct dry-sliding wear test on the HE6 and Stellite 6 specimens prepared from SPS 

and PTA processes using a NEO-TRIBO Model MPW110 Pin-on-Disc Wear Test System, in order 

to evaluate the wear loss and friction coefficient of each specimen.  

(8) Examine the worn surfaces of the HE6 and Stellite 6 specimens using SEM to 

understand the wear mechanism of the materials, according to the morphology changes of the 

specimen surface.  

(9) Conduct electrochemical corrosion test on the HE6 and Stellite 6 specimens prepared 

from PTA process in 3.5% NaCl, 2% HCl and 10% H2SO4 solutions to investigate the polarization 

behavior of the materials in the solutions.  

(10) Conduct immersion test on the HE6 and Stellite 6 specimens prepared from PTA 

process in 2% HCl and 10% H2SO4 solutions to evaluate the corrosion rate of the materials in the 

solutions for different exposure times.  

(11) Analyze the surface morphology of the specimens from the immersion tests with 

SEM/EDX to investigate the corrosion mechanism of the alloys in 2% HCl and 10% H2SO4 

solutions and better understand the corrosion rate results.  

(12) Analyze the results of hardness, wear and corrosion tests with respect to the 

microstructures of the HE6 and Stellite 6 specimens, discuss the effects of SPS and PTA 
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manufacturing processes on the microstructure evolution of HE6 and Stellite 6 alloy, justify the 

significance of developing cobalt high entropy alloys.   

(13) Discuss the cost reduction of HE6 according to high costs of Stellite alloys and 

potential applications of HE6. 

1.4 Organization of the Thesis 

Five chapters are written for this thesis to cover the entire work of the present research. 

The main contents that are included in each chapter are outlined below. 

Chapter 1 is a brief introduction to the present research, including the background and 

significance, objectives, tasks and methodologies, of this research. The structure of this thesis is 

also introduced in this chapter. 

Chapter 2 gives a brief literature review of Stellite alloys and high entropy alloys including 

their microstructures and various properties. Different manufacturing processes and performance 

evaluation methods for these alloys are also reviewed in this chapter.  

Chapter 3 details the experimental work on Stellite 6 and HE6 raw powders, including 

SEM morphology examination and investigation of particle size distribution, as well as DSC 

analysis. The detailed microstructural analyses of bulk HE6 and Stellite 6 specimens from SPS 

and PTA processes, using XRD/SEM/EDX, and the density measurement of the bulk specimens, 

are also described in this chapter.  

Chapter 4 delineates all the experiments for performance evaluation of bulk HE6 and 

Stellite 6 specimens from SPS and PTA processes, including hardness, dry-sliding wear, 
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electrochemical and immersion corrosion tests. The discussion on the experimental results, in 

terms of the relationship between the microstructure and material properties of the alloys, is also 

included in this chapter.    

Chapter 5 summarizes this research and draws the conclusions from this research. The 

significant contributions of this research are highlighted and the future work of this research is 

recommended.       
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Chapter  2: Literature Review 

2.1 Stellite Alloys 

Superalloys or high-performance alloys are designed to work at high temperatures (above 

~500C). Several key characteristics of superalloys include excellent mechanical strength, 

resistance to thermal creep deformation, good surface stability, and resistance to corrosion or 

oxidation, etc. [22].  

Stellite alloy is a group of cobalt-chromium-tungsten (Co-Cr-W) or cobalt-chromium-

molybdenum (Co-Cr-Mo) superalloy composed of complex carbides embedded in a cobalt solid 

solution matrix. It is designed mainly for high wear resistance and excellent corrosion properties 

in harsh environments. The combination of cobalt and chromium also has a high melting point, 

making it ideal for a range of interesting applications, from cutting tools to hot zone coatings in 

gas turbines [2], which involve high temperature.  

During the past 100 years, Stellite alloys have been used in various industries, such as 

aerospace, oil and gas, medical, and so on. Owing to the outstanding efforts of the metallurgists, 

these superalloys have been widely developed for crucial applications, for example, blades and 

vanes in aircraft engines, nuclear valves, etc. [2]. Stellite alloys are mainly composed of transition 

metals, which have continuous positions in the periodic table. Another characteristic of these alloys 

is that they are generally strengthened by solid solution and precipitation hardening mechanisms 

[23]. 

As a group of Co-based superalloys designed for wear and corrosion resistance 

applications, the main alloying elements in a Stellite alloy system are chromium (Cr), tungsten 

(W),  molybdenum (Mo) and carbon (C). The balance of these elements in the alloy will provide 



 11 

various sorts of properties to meet the needs of a specific application. The common composition 

of Stellite alloy is that they usually contain 40 - 60% Co, 20 - 30% Cr, 5 - 15% W or Mo, and 0.1 

- 3% C (in weight percentage), as shown in Table 2-1 [2]. One of the main differences between 

these alloys is the contents of C, W and Mo, hence the volume fraction of various carbides 

precipitated in the alloys [2]. 

 

Table 2-1: Chemical compositions (wt.%) of Stellite alloys [2]. 

Alloy Process Co 

(Bal.) 

Cr W Mo C Fe Ni Si Mn Others 

Stellite 1 Cast 47.7 30 13 0.5 2.5 3 1.5 1.3 0.5  

Stellite 3 P/M 49.8 30.5 12.5  2.3 1.8 1.8 0.7 0.6  

Stellite 4 Cast 45.43 30 14 1* 0.57 3* 3* 2* 1*  

Stellite 6 Cast 55.3 29 4.5 1.5* 1.2 3* 3* 1.5* 1*  

Stellite 6 P/M 51.5 28.5 4.5 1.5* 1 5* 3* 2* 2* 1 B* 

Stellite 12 Cast 52.6 30 8.3  1.4 3 1.5 0.7 2.5  

Stellite 21 Cast 59.5 27  5.5 0.25 3* 2.75 1* 1*  

Stellite 20 Cast 41.05 33 17.5  2.45 2.5 2.5  1  

Stellite 22 Cast 54 27  11 0.25 3 2.75 1 1  

Stellite 25 Cast 49.4 20 15  0.1 3 10 1 1.5  

Stellite 31 Cast 57.5 22 7.5  0.5 1.5 10 0.5 0.5  

Stellite 80 Cast 44.6 33.5 19  1.9     1 B 

Stellite 188 Cast 37.27 22 14  0.1 3 22 0.35 1.25 0.03La 

Stellite 190 Weld 46.7 27 14 1 3.3 3 3 1 1  

Stellite 300 Cast 44.5 22 32  1.5      

Stellite 694 Cast 45 28 19  1 5  1 1  

Stellite 712 Cast 51.5 29  8.5 2 3* 3* 1.5* 1.5*  

Stellite 720 Cast 37.2 33  18 2.5 3* 3* 1.5* 1.5* 0.3 B 

Stellite 703 Cast 44.6 32  12 2.4 3* 3* 1.5* 1.5*  

Stellite 706 Cast 55.8 29  5 1.2 3* 3* 1.5* 1.5*  
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Stellite 706K Wrought 54.6 29  6 1.4 3* 3* 1.5* 1.5*  

Stellite 728 Cast 55.88 24  12 0.35 1 3.8 0.45 0.52 2 Nb 

Stellite 6B Wrought 55.9 30 4 1.5* 1 3* 2.5 0.7 1.4  

Stellite 6K Wrought 52.4 30 4.5 1.5* 1.6 3* 3* 2* 2  

Stellite 98M2 P/M 36.2 30 18.5 0.8* 2 5* 3.5 1* 1* 4.2 V, 1 

B* 

(* indicates the max. content of the certain element in alloys) 

 

2.1.1 Alloying elements and precipitates of Stellite alloys 

Cobalt has a hexagonal crystal form (HCP) at room temperature, and can change to face 

centered cubic (FCC) form at a higher temperature (above 400°C). When a cobalt alloy is cooled 

slowly, Co transforms from FCC to HCP at 417°C, which means that the alloy is in a metastable 

state [24]. Due to the sluggish nature of the transformation, the FCC Co structure of its alloys is 

usually preserved at room temperature, and the formation of HCP is stimulated only by mechanical 

stress or contact at elevated temperatures. The FCC to HCP transformation of Co will result in 

high yield strength, high work-hardening rate of the alloys due to the interaction between stacking 

faults and the ability to relax stress [25], [26]. 

Carbon content in Stellite alloys plays an important role in the microstructure and type of 

carbides formed in these alloys. It is a key enhancer for the wear resistance of Stellite alloys. For 

instance, at a carbon content of 2.4 wt.% (for Stellite 3), carbides constitute about 30 wt.% of the 

material. These carbides belong to M7C3 (Cr-rich primary) and M6C (W-rich eutectic) types, where 

M represents metallic elements. For Stellite 6B, carbides constitute approximately 13 wt.% of the 

material, with the carbon content of 1 wt.% [2]. For all Stellite alloys, when the carbon content is 

less than 2 wt.%, these alloys are hypoeutectic, and FCC cobalt dendrites are surrounded by 

eutectic M7C3 carbides. When the carbon content is greater than 2.5 wt.%, they are hypereutectic 
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and consist of primary M7C3 carbides in the dendritic eutectic matrix, including Co solid solution 

and carbides. Other carbides formed in hypereutectic Stellite alloys include W-rich M6C and MC, 

and Cr-rich M23C6 [27]. Figure 2-1 shows some typical microstructures of Stellite alloys, which 

were all from laser cladding process. The coatings of Stellite 6 and Stellite 12 have a hypoeutectic 

microstructure that consists of primary dendrites of Co solid solution surrounded by eutectic 

carbides, while Stellite 1 has a hypereutectic microstructure composed of primary carbides 

dispersed in a eutectic interdendritic matrix of Co solid solution and carbides. 

 

 
(a) 

 
(b) 
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(c) 

Figure 2-1: Typical microstructure of laser cladding of (a) Stellite 6, (b) Stellite 12, (c) Stellite 1 

[28]. 

 

Chromium in Stellite alloy has a dual function. it is not only a major carbide former, that 

is,  the carbides in Stellite alloys are mainly Cr-rich, but also crucial in the solid solution matrix 

which provides strengthening. The most common type of carbides in Stellite alloys is Cr-rich 

M7C3, while Cr-rich M23C6 carbides are also abundant in low-carbon grades. At the same time, Cr 

imparts favorable characteristics to the alloys, such as oxidation resistance and corrosion resistance 

to the oxidizing environment [29], [30]. 

Tungsten and molybdenum in Stellite alloys provide additional strengthening to the solid 

solution matrix due to their large atomic size as solutes [30], thus dislocation flow can be 

prevented. They also improve the overall corrosion resistance of the alloys [2], [25]. Moreover, W 

and Mo usually participate in carbide formation when present in large quantities. 

There are also other alloying elements used in Stellite alloys, such as nickel (Ni), iron (Fe), 

aluminum (Al), boron (B), carbon (C), manganese (Mn), silicon (Si), titanium (Ti), etc. The 

proportion of these alloying elements varies, and most grades contain four to six elements. For 
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instance, the addition of alloying elements of Ni, Cu and Fe will improve the stability of FCC, but 

will increase the stacking fault energy (SFE) of Co-rich solution matrix. In contrast, Cr, Mo and 

W provide the stability of HCP at low temperatures due to decreasing the SFE [31].  

 

2.1.2 Previous research on Stellite 6 alloy 

Stellite 6 alloy is a benchmark in the family of Stellite alloys. Due to its great performance 

in severe conditions, it becomes one of the most widely used Stellite alloys. Consequently, there 

have been abundant studies on this alloy during the years. In this thesis, Stellite 6 has been chosen 

to compare with HE6 alloy.  

Stellite 6, which is from a casting process, can be altered into Stellite 6B and Stellite 6K, 

which are wrought products. The carbon content of Stellite 6K (1.6 wt.% C) is higher than that of 

Stellite 6B (1 wt.% C), which results in differences in their properties and applications. Stellite 6B 

has both excellent wear resistance and toughness, also good workability. The applications of 

Stellite 6B involve high-impact pulp agitators, critical directional drilling tools, and aerospace 

components. Stellite 6K has similar properties to Stellite 6B but it is slightly harder and less ductile. 

Stellite 6K is excellent for cutting or scraping applications, such as knives or scraper blades. 

In 2003, Malayoglu and Neville conducted a comparative study in the corrosive 

performance of Stellite 6 and two stainless steels, UNS S32760 and UNS S31603, in liquid-solid 

states [32]. Figure 2-2 shows that the material losses in 3.5% NaCl medium of the cast and HIPed 

Stellite 6 are consistently lower than that of stainless steels in the erosion-corrosion test. The results 

suggest that Stellite 6 has superior erosion and corrosion resistance compared to superduplex (UNS 

S32760) and austenitic (UNS S31603) stainless steel. 
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Figure 2-2: Total weight loss measurements of Stellite alloys and stainless steels in 3.5% NaCl 

solution at (a) 18℃ and (b) 50℃. 

 

Wear and corrosion resistance of W or Mo containing Stellite alloy hardfacings were 

investigated by Yao et al. in 2005 [33]. A series of tests were conducted to discover the abrasive, 

adhesive and erosive wear resistance of these hardfacings. As shown in Figure 2-3, Mo-containing 

Stellite alloys (Stellite 706, Stellite712 and Stellite 790) have higher abrasive resistance than W-

containing Stellite alloys (Stellite 6, Stellite 12 and Stellite 190) under both low and high-stress 

abrasive-wear conditions. The corrosion rates of Stellite 6, Stellite 706, Stellite 12 and Stellite 712 

are summarized in Figure 2-4. It can be seen that W-containing Stellite alloys (Stellite 6 and Stellite 

12) have better corrosion resistance in 10% HNO3 acid at boiling temperature, while Mo-

containing Stellite alloys (Stellite 706 and Stellite 712) exhibit exceptional corrosion resistance in 

5% HCl acid at 40℃ and 10% H2SO4 at 66℃. 
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Figure 2-3: Low-stress abrasive and high-stress abrasive-wear resistance of Stellite 

alloys[33][33][33][33][33][33][33][33][33]. 

 

 
Figure 2-4: Corrosion resistance of W-containing Stellite alloys and Mo-containing Stellite 

alloys. 
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2.2 High Entropy Alloys 

High entropy alloys are defined as alloys containing at least five principal elements, each 

with an atomic percentage between 5 and 35%. Also, they are alloys with configurational entropies 

larger than 1.5𝑅, where R is the gas constant, 8.314 J/K/mol [6]. 

2.2.1 Origin and definition 

Three independent publications by Yeh in Taiwan [5], Cantor in the United Kingdom in 

2004 [34], and Ranganathan in India in 2003 [35], took the lead in exploring the high entropy alloy 

world. A brand-new concept, “high entropy alloys (HEAs)” or “multi-principal element alloys 

(MPEAs)” was brought into reality and investigated through increased scientific studies. This new 

concept placed a new milestone in the history of alloy development. During the following decade, 

extensive researches have been conducted world-widely, as mentioned in Chapter  1:. 

To better understand the definition of HEAs, an understanding of the mixing of entropy 

and configurational entropy of alloys is needed. The total mixing entropy has four contributions: 

configurational, vibrational, magnetic dipole, and electronic randomness. Configurational entropy 

is dominant over the other three contributions [5]. Hence, the configurational entropy often 

represents the mixing entropy to avoid complicated calculations to determine the other three 

contributions.  

From statistical thermodynamics, Boltzmann’s Equation [36], [37] calculates the 

configurational entropy (∆𝑆𝑐𝑜𝑛𝑓) of a system: 

 ∆𝑆𝑐𝑜𝑛𝑓 = 𝑘𝐵 ln 𝑤    (2.1) 

where 𝑘𝐵 is Boltzmann’s constant, and 𝑤 is the number of ways in which the available energy can 

be mixed or shared among the particles in the system. For a random n-component solid solution, 

in which the ith component has a mole fraction 𝑋𝑖, the ideal configurational entropy per mole is: 



 19 

 
∆𝑆𝑐𝑜𝑛𝑓 = −𝑅 ∑ 𝑋𝑖 ln 𝑋𝑖

𝑛

𝑖=1

 
 

(2.2) 

where R is the gas constant, 8.314 J/K/mol. 

Based on the earlier concepts, there are two definitions for HEAs [6]. One is based on 

composition, and the other is according to configurational entropy. For the former, HEAs are 

defined as the alloys containing five to thirteen principal elements with an atomic percentage 

between 5 and 35%. The atomic portion of each minor element is less than 5%. This definition can 

be expressed as 

 13 ≥ 𝑛𝑚𝑎𝑗𝑜𝑟 ≥ 5,   5% ≤ 𝑋𝑖 ≤ 35%    and   𝑛𝑚𝑖𝑛𝑜𝑟 ≥  0  𝑋𝑗 ≤ 5%  (2.3) 

where 𝑛𝑚𝑎𝑗𝑜𝑟 and 𝑛𝑚𝑖𝑛𝑜𝑟 are the number of major elements and minor elements, respectively. 𝑋𝑖 

and 𝑋𝑗 are the atomic fraction of major element 𝑖 and minor element 𝑗, respectively. 

            For the later, HEAs are also defined as alloys having configurational entropies at a 

random state larger than 1.5R [6], which can be expressed as:  

 ∆𝑆𝑐𝑜𝑛𝑓 ≥ 1.5𝑅 (2.4) 

However, these two definitions are not laws but they are general guidelines for alloy 

classifications. The compositions out of the defined region can be treated as HEAs as well. For 

instance, Co29.4Cr29.4Cu5.9Fe5.9Ni29.4 is considered as a HEA that fits into the first definition, but its 

configurational entropy is approximately 1.414R which does not fit into the high entropy 

definition. As for the quaternary equimolar alloy Co-Cr-Fe-Ni, it is sometimes considered as a 

HEA in literature because its composition and configurational entropy are close to the lower limits 

of both definitions.  
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From the two general definitions of HEAs, the basic principle behind HEAs with multiple 

principal elements is to have high mixing entropy in order to promote the formation of solid 

solution phase and inhibit the formation of intermetallic compounds [6].  

Since 1.5𝑅 is a lower limit for HEAs, there is also a classification of medium-entropy 

alloys (MEAs) and low-entropy alloys (LEAs) to differentiate the power of mixing entropy effect, 

i.e.,  

 MEAs:  1.0R ≤ ∆𝑆𝑐𝑜𝑛𝑓 ≤ 1.5𝑅 (2.5) 

 LEAs:  ∆𝑆𝑐𝑜𝑛𝑓 ≤ 1.0𝑅 (2.6) 

Table 2-2 reports the configurational entropies calculated for some well-known 

steels/alloys at their liquid state [38]. It is shown that most steels/alloys have low or medium 

entropy. Furthermore, some single-principal-element alloys such as Ni-based, Co-based 

superalloys, and bulk metallic glass (BMGs) have medium entropy. Also, some Stellite alloys are 

chosen to calculate their entropies and the results are given in Table 2-3. 

 

Table 2-2: Entropy values calculated for typical traditional alloys at their liquid state or random 

state [38]. 

Systems Alloys Value of Entropy 

Low-alloy steel 4340 0.22R low 

Stainless steel 
304 0.96R low 

316 1.15R medium 

High-speed steel M2 0.73R low 

Mg alloy AZ91D 0.35R low 

Al alloy 
2024 0.29R low 

7075 0.43R low 

Cu alloy 7-3 brass 0.61R low 

Ni-based superalloy 
Inconel 718 1.31R medium 

Hastelloy X 1.37R medium 

BMG 
Cu47Zr11Ti34Ni8 1.17R medium 

Zr53Ti5Cu16Ni10Al16 1.30R medium 
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Table 2-3: Entropy values calculated for typical Stellite alloys. 

Grade 
Entropy 

(∆𝐒) 
Classification 

Composition 

 Co Cr W Mo Fe Ni Mn C Si B 

Stellite 21 1.17R 

MEA 

(1.5>∆𝐒 ≥ 𝟏) 

wt.% 59.50 27.00 0.00 5.50 3.00 2.75 1.00 0.25 1.00 0.00 

at.% 57.30 29.50 0.00 3.26 3.04 2.65 1.03 1.18 2.03 0.00 

Tribaloy 

T-400 
1.19R 

wt.% 56.62 8.50 0.00 29.00 1.50 1.50 0.00 0.08 2.80 0.00 

at.% 60.58 10.32 0.00 19.07 1.69 1.60 0.00 0.42 6.31 0.00 

Stellite 12 1.30R 
wt.% 52.60 30.00 8.30 0.00 3.00 1.50 2.50 1.40 0.70 0.00 

at.% 50.09 32.42 2.53 0.00 3.01 1.43 2.55 6.56 1.40 0.00 

Stellite 6 1.32R 
wt.% 55.30 29.00 4.50 1.50 3.00 3.00 1.00 1.20 1.50 0.00 

at.% 51.75 30.79 1.35 0.86 2.96 2.81 1.00 5.52 2.96 0.00 

Stellite 

706 
1.33R 

wt.% 55.80 29.00 0.00 5.00 3.00 3.00 1.50 1.20 1.50 0.00 

at.% 31.38 30.30 0.00 2.83 2.90 2.76 1.48 5.43 2.91 0.00 

Stellite 25 1.37R 
wt.% 49.40 20.00 15.00 0.00 3.00 10.00 1.50 0.10 1.00 0.00 

at.% 52.40 24.07 5.10 0.00 3.35 10.61 1.71 0.52 2.24 0.00 

Stellite 1 1.40R 
wt.% 47.70 30.00 13.00 0.50 3.00 1.50 0.50 2.50 1.30 0.00 

at.% 44.81 31.98 3.92 0.29 2.97 1.41 0.50 11.55 2.57 0.00 

Stellite 

712 
1.44R 

wt.% 51.50 29.00 0.00 8.50 3.00 3.00 1.50 2.00 1.50 0.00 

at.% 46.65 29.81 0.00 4.73 2.86 2.72 1.46 8.91 2.86 0.00 

Stellite 

720 
1.63R 

HEA 

(∆𝐒 ≥ 𝟏. 𝟓) 

wt.% 37.20 33.00 0.00 18.00 3.00 3.00 1.50 2.50 1.50 0.30 

at.% 33.65 33.87 0.00 10.01 2.86 2.71 1.46 11.12 2.86 1.46 

 

2.2.2 Essential parameters and formation rules 

Certainly, an alloy must be designed and created on scientific basis, therefore some criteria 

are needed to quantify the alloy properties, in order to justify the feasibility of the alloy. As a result, 

some parameters, such as configurational entropy, the enthalpy of mixing have been developed.  

1 Configurational entropy 

As described in the previous section, the configurational entropy of an alloy is calculated 

by Equation 2.2 using the atomic content of each element and gas constant R.  

2 The enthalpy of mixing 

The enthalpy of mixing for an alloy is calculated by: 
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Δ𝐻𝑚𝑖𝑥 = 4 ∑ ∆𝐻𝑖,𝑗

𝑚𝑖𝑥𝑋𝑖𝑋𝑗

𝑛

𝑖=1, 𝑖=𝑗

 
 

(2.7) 

where ∆𝐻𝑖,𝑗
𝑚𝑖𝑥  is the enthalpy of mixing between element 𝑖 and 𝑗 in the liquid state with equimolar 

compositions taken from the table edited by Takeuchi et al. [39], based on Miedema’s model [39], 

and 𝑛 is the total number of elements in the solution phase. 

3 Atomic size difference [6] 

Atomic size difference measures the composition-weighted difference in the atomic radii 

among constituent elements of an alloy and is calculated by: 

 

𝛿 = √∑ 𝑋𝑖(1 − 𝑟𝑖 �̅�)⁄ 2
𝑛

𝑖=1
 

 

(2.8) 

 
�̅� = ∑ 𝑋𝑖𝑟𝑖

𝑛

𝑖=1
 

(2.9) 

where 𝑟𝑖 is the atomic radius of the 𝑖th element. 

4 Parameter 𝛺 [6] 

Parameter 𝛺 correlates the melting point, total entropy of mixing, and the total enthalpy of 

mixing as: 

 
Ω =

𝑇𝑚 ∗ 𝛥𝑆𝑚𝑖𝑥

|𝛥𝐻𝑚𝑖𝑥|
 

(2.10) 

where 𝑇𝑚  is the average melting temperature of the alloy, and 𝛥𝑆𝑚𝑖𝑥  and 𝛥𝐻𝑚𝑖𝑥  are the total 

entropy of mixing and the enthalpy of mixing in the liquid phase, respectively. Both enthalpy and 

entropy contribute to Gibbs-free energy. Therefore, this ratio can reflect the entropy and enthalpy 

effects and reveal which of them has more influence on the alloy at the melting point. This ratio 

implies that when 𝛺 ≥1, the entropy effect at 𝑇𝑚 is greater than the enthalpy effect, hence the high 
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entropy solid solution phase tends to form. The higher the value, the stronger the high entropy 

impact is. Thus, it is more likely that random solid solution gains stability to survive at low 

temperatures. 

5 Valence electron concentration (VEC) 

The value of VEC can be defined as the number of total electrons, including the d-electrons 

accommodated in the valence band, valence electron concentration or VEC [40], [41]. VEC for a 

multi-component alloy can be defined as the weighted average from the VEC of the constituent 

components:  

 
VEC = ∑ 𝑋𝑖(𝑉𝐸𝐶)𝑖

𝑛

𝑖=1
 

 

                                  (2.11) 

 

where (𝑉𝐸𝐶)𝑖 are the VEC value for the individual element [42]. 

In the designing process, VEC can be used to quantitatively predict the phase stability for 

FCC and BCC portion in HEAs: in the research work of Guo et al. [42], at VEC ≥ 8.0, single FCC 

phase existed; at 6.87 ≤ VEC < 8.0, mixed FCC and BCC phases co-existed, and single BCC 

phase existed at VEC < 6.87. 

After checking through a large number of alloys, including solid solution alloys, 

intermetallic compounds, and BMG, Zhang et al. [9] firstly proposed an empirical rule for forming 

HEAs; if a combination of -15 ≤  ∆𝐻𝑚𝑖𝑥  ≤ +5 kJ/mol and 𝛿 ≤ 5% was valid, then disordered 

solid solution phase was favored. An additional rule was proposed by Zhang et al. [43] that a 

combination of  Ω ≥  1 and 𝛿 ≤  6.6% also favored disordered solid solution formation.  
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2.2.3 Fabrication methods 

HEAs are essentially solid solution alloys, containing many major elements with simple 

crystal structures, such as BCC, FCC and HCP lattices. The typical manufacturing routes of 

traditional materials can be applied to HEAs. According to the mixing methods of constituent 

elements, the processes are divided into liquid melting, solid-state mechanical alloying plus an 

additional sintering, and gaseous mixing, as illustrated in Figure 2-5 [6]. The first route starts in 

the liquid state and includes arc melting, resistance melting, induction melting, laser melting, laser 

cladding and laser enhanced mesh forming (LENS). The second method comes from the solid-

state and mainly involves mechanical alloying (MA), then followed by the sintering process to 

fabricate the bulk material. The elements can also be mixed in a vaporized state and the routes 

include sputtering deposition, pulsed laser deposition (PLD), atomic layer deposition (ALD), 

molecular beam epitaxy (MBE), and vapor deposition to prepare a film on a substrate. In the 

present research, plasma transferred arc (PTA) welding and spark plasma sintering (SPS) were 

utilized to create the HEA bulk specimens.   

 
Figure 2-5: Summary of the fabricating routes for HEAs [6]. 
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2.2.3.1 Plasma transferred arc (PTA) welding  

PTA welding is a thermal process that applies additional layers on the surface of the 

substrate material. It is a common method for depositing high-quality reinforced top-surface on a 

variety of base materials. Figure 2-6 [44] schematically shows the working principle of PTA. The 

welding process uses a contracted high-energy plasma arc between the non-consumable electrode 

and the substrate to form a molten pool. The filling material can be in the form of welding wire 

and then fed to the back of the welding pool. The metallurgical bonding layer produced by this 

method has better fusion and corrosion-resistant properties than that from mechanically bonded 

processes [44]. In the reported work by Cheng et al. [44], the Co-Cr-Cu-Fe-Ni HEA coatings were 

successfully prepared by PTA cladding process. The experimental results demonstrated that the 

coating was entirely an FCC solid solution phase. The microstructure of the coating was mainly 

composed of dendrite and discontinuous interdendritic segregation. 

 

 
Figure 2-6: Schematic diagram of plasma transferred arc (PTA) process [44]. 
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2.2.3.2 Spark plasma sintering (SPS) 

SPS is similar to the conventional hot pressing process because the precursor is loaded into 

a graphite die, and a uniaxial pressure is applied during the sintering process. However, instead of 

using an external heating source, a pulsed direct current is allowed to pass through the conductive 

mold. This means that the die is also used as a heating source, and the sample is heated from both 

outside and inside, as shown in Figure 2-7 [45]. Different from PTA process, SPS is a 

solidus/liquidus processing method with lower working temperature, with elemental diffusion 

being the main mechanism of metallurgical bonding between powder particles .  In addition to the 

Joule heat of hot-press sintering and the plastic deformation caused by pressing to promote the 

sintering process, the SPS process also generates a DC pulse voltage between the powder particles 

and effectively uses the self-heating feature caused by the discharge between the powder particles 

[46]. This method produces a relatively high heating rate with a short holding time to obtain fully 

dense bulk parts. 

 

 
Figure 2-7: Schematic illustration of the working principle of an SPS apparatus [45]. 
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Fu et al. [47] studied the effect of Cr additions on the alloying behavior and structure of 

CoFeNiAl0.5Ti0.5 prepared by MA and SPS. Praveen et al. [48] reported the phase evolution and 

densification behavior of nanocrystalline HEAs prepared via MA and compacted with spark 

plasma sintering (SPS). Their research results showed that multi-component HEAs have been 

successfully synthesized by these processes.  

 

2.2.4 Material properties 

HEAs have been widely studied in mechanical and functional performance since 2004 and 

many HEAs have been reported to display promising properties, such as high hardness, high 

yielding strengths, high ductility, excellent wear and corrosion resistance. 

2.2.4.1 Hardness 

Hardness is one common criterion to describe the mechanical properties of metallic 

materials [49]. Figure 2-8 [6] reports the hardness values of the twenty most studied HEAs, 

compared with conventional alloys. The value of hardness varies largely within the alloy systems, 

strongly depending on the chemical composition, fabrication method, and heat-treatment process, 

etc. For example, the hardness value varies from 154 HV to 658 HV for the AlCoCrCuFeNi alloy 

system due to the different content of element Al [50]–[53]. In general, researchers are seeking 

HEAs that have higher hardness than conventional alloys.   
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Figure 2-8: Hardness values of most studied HEAs, compared with conventional alloys [6]. 

 

2.2.4.2 Yield strength and ductility 

Knowledge of the yield strength is critical when designing components since it usually 

represents the upper limit of the load that can be applied to the material. Having higher toughness 

implies that the material is capable of withstanding unforeseen loading for a more extended time 

[6]. 

Ductility is the ability of a material to be drawn or plastically deformed without fracture. 

It is an essential factor in allowing a structure to survive extreme loads [6]. 

HEAs display a wide range of yield strength and ductility at room temperature, as shown 

in Figure 2-9 [6]. The tensile yield stresses of AlCoCrCuFeNi and Al0.5CoCrCuFeNi are superior 

to Ti-6Al-4V and Inconel 713. Also, CoCrFeNi alloy has better ductility than conventional 304 

stainless steel, Ti-6Al-4V, Inconel 713, and 5083 Al. 
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Figure 2-9: Tensile yield stress versus ductility of most studied HEAs at room temperature, 

compared with conventional alloys [6]. 

 

2.2.4.3 Wear resistance 

Wear resistance is defined as the ability of a material to resist comprehensive external 

forces such as abrasion, edge cutting, and impact, etc. during service. It represents the performance 

of a material to withstand surface damages under contact loads in relative motion. Therefore, the 

requirements for wear resistance are extremely important in material design [6].  

Chuang et al. [54] compared the hardness and wear resistance of HEAs 

(AlxCo1.5CrFeNi1.5Tiy) with conventional wear-resistant steels (SUJ2 and SKH51). The results in 

Figure 2-10 show that Al02Ti10 (the abbreviation of Al0.2Co1.5CrFeNi1.5Ti1.0) has the best wear 

resistance among the six alloys, about twice that of Al00Ti10 (the abbreviation of Al0.0 

Co1.5CrFeNi1.5Ti1.0). The wear resistance of Al02Ti10 is much higher than that of the two 

conventional steels, 3.6 and 2 times higher than that of SUJ2 and SKH51, respectively. This 

indicates that Al02Ti10 has outstanding anti-wear properties. 
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Figure 2-10: Pin-on-disk adhesive wear resistance versus hardness of HEAs and Steels [54]. 

 

2.2.4.4 Corrosion resistance 

Corrosion is the loss of metals due to a reaction to the environment. Stainless steel, copper-

based alloys and nickel-based alloys are designed for various corrosive environments.  

Tang et al. [55] compared the corrosion rates of various types of materials such as HEAs 

and stainless steels in 3.5 wt.% NaCl solution and 0.5 M H2SO4 solution at room temperature, as 

illustrated in Figure 2-11 and Figure 2-12. The corrosion rate varies significantly among different 

types of materials and also varies greatly among HEAs. Therefore, it is believed that certain 

compositions with a proper processing method can render HEAs good corrosion-resistant alloy 

candidates. 
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Figure 2-11: A comparison to average corrosion rates (mm/year) between HEAs and other 

materials in 3.5 wt.% NaCl solution at room temperature. 

 

 
Figure 2-12: A comparison in average corrosion rates (mm/year) between HEAs and 

conventional alloys in 0.5 M H2SO4 solution at room temperature. 
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2.3 Material Performance Testing Methods 

Stellite alloys were developed for applications where require excellent wear and corrosion 

resistance. Therefore, it is essential to conduct wear and corrosion experiments on selected Stellite 

alloy and the new HEA in this study and provide some understandings with respect to such criteria.  

2.3.1 Wear test 

2.3.1.1 Wear of materials 

Wear is a process that involves the interactions between surfaces and, more specifically, 

the removal and deformation of material from a surface as a result of mechanical action of the 

contacting object through relative motion [56]. The study of wear and related processes is referred 

to as tribology. Wear occurring on the parts of various machines, together with other procedures 

such as fatigue and creep, causes functional surfaces to degrade, eventually leading to material 

failure or loss of functionality. Therefore, wear has high economic relevance so that industries are 

eager to avoid it [57]. 

Wear resistance is the ability of materials to withstand surface damage in working 

conditions. Wear occurs in numerous applications, for example, cables, medical implants (hip 

joints), clutches, pump clutches, abrasion of clothing, etc. Parts under wear are often visually 

inspected to assess the wear losses of the part materials. Quantitative evaluation methods for wear 

are widely used, such as measuring volume change or mass change after the piece is exposed to 

predetermined wear conditions [58].  

2.3.1.2 Pin-on-disk wear test 

Wear is commonly classified according to so-called wear types, which occurs in isolation 

or complex interaction. Common types of wear include adhesive wear, abrasive wear, surface 
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fatigue, fretting wear, etc. In reality, wear is caused by one or more wear mechanisms. For 

example, the primary wear mechanism of adhesive wear is adhesion. Wear mechanisms or sub-

mechanisms often overlap and occur in a coordinated manner, resulting in a wear rate greater than 

the sum of wear rate by the individual wear mechanisms [59].  

Adhesive wear and abrasive wear are modes of wear that occur under plastic contact. In 

the case of plastic contact between similar materials, the contact interface has adhesive bonding 

strength. When it is assumed that the fracture is basically due to strong adhesion at the contact 

interface, the resulting wear is called adhesion wear. As a result, adhesive wear occurs when the 

atomic force between the surfaces of a material is stronger than the inherent material properties of 

either surface. The continuous movement of the surface can cause the bonded joint to break. 

Adhesive wear is characterized by one surface’s particles sticking to another surface through 

molecular forces, which results in moving parts stopping abruptly, i.e., failure, as illustrated in 

Figure 2-13 [60]. 

 
Figure 2-13: Mechanism of adhesive wear of materials [60]. 

 

Adhesive wear can be found between surfaces during frictional contact and generally refers 

to unwanted displacement and attachment of wear debris and material compounds from one 

surface to another. The deforming effect of small particles or surface protrusions during friction 

creates abrasive wear. It happens when one material is harder than the other, while the softer one 
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is the casualty [61]. Figure 2-14 illustrates the abrasive wear of materials, with three main 

mechanisms described below: 

• Cutting – removal of material (like lathing) 

• Fragmentation – a consequence of cutting, cracks forming and further wear breaking off 

pieces 

• Plowing – displacing material to the sides in the direction of scraping 

 

Figure 2-14: Mechanism of abrasive wear in materials [61]. 

 

Friction and wear (typically wear rate and wear resistance) characterization of materials is 

typically performed using various types of tribometers, but pin-on-disk or ball-on-disk test is a 

common technique. Figure 2-15 schematically illustrates the principle of a pin-on-disk test. The 

popularity of this method is due to its relative simplicity and abundance of the tribological contacts 

that can be well described by a simple pin-on-disk motion. The test typically allows performing in 

several motion modes, such as unidirectional, fretting wear and recently other complex motion 

patterns. Usually, pin-on-disc tests are conducted according to ASTM Standard G99 − 17[62].  
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Figure 2-15: Schematic diagram of a pin-on-disk test [63]. 

 

2.3.1.3 Related researches in wear test 

Birol et al. [64] conducted a study in wear performance comparison between three different 

alloys under a ball-on-disc sliding wear test. Figure 2-16 reports the volume losses of the three 

alloys, which show that Stellite 6 has superior wear resistance to the others.  

A series of Stellite alloys were tested under pin-on-disc sliding wear by Yao et al. [65]. 

The results are illustrated in Figure 2-17, which show that the wear resistance of Stellite alloy 

hardfacings varied and Stellite 728 was the most wear-resistant. 

 

 
Figure 2-16: Wear volume losses of different alloys under high-temperature ball-on-disc sliding 

wear [64]. 
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Figure 2-17: Comparison of wear rate between Stellite alloy hardfacings [65]. 

 

Kapoor et al. [4] investigated the wear behavior of Stellite alloys at room temperature and 

at elevated temperatures, with emphasis on the relationship between microstructure and wear 

resistance. The content of carbon plays a critical role to determine the wear resistance of Stellite 

alloys at room temperature, while the oxidation of the alloys dominantly contributed to the wear 

loss at high temperature. In this case, the amount of chromium as well as the carbon content are 

the key factors. 

Collier et al. [23] studied the tribological performance of three molybdenum (Mo) Stellite 

alloys with varying carbon (C) and Mo contents using pin-on-disc dry-sliding wear test. The 

increasing contents of Mo and C contributed to the formation of carbides and intermetallics which 

can enhance the hardness and wear resistance of the alloys. Stellite 720 possesses more hard phases 

than other two alloys attributed to more C and Mo contents so that it had the best performance in 

this wear test compared to other Stellite alloys.    
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2.3.2 Corrosion test 

2.3.2.1 Corrosion of materials 

Corrosion is a natural process that converts a refined metal into a more chemically-stable 

form such as oxide, hydroxide, or sulfide. It is a gradual destruction of materials (usually metals) 

by chemical or electrochemical reactions with working environment [66]. A common type of 

corrosion is rust, which is found on iron and steel structures. In this type of corrosion, the iron is 

reacting with oxygen to form iron oxide compounds. 

Methods for studying the corrosion behavior of materials can be divided into three 

categories: electrochemical methods, immersion test, and microstructure analysis. Electrochemical 

methods are a series of analytical chemistry techniques used to measure the potential or current of 

an electrochemical cell. The immersion test method is a traditional means of studying the corrosion 

behavior of materials. Corrosive medium, pH value, temperature, exposure time, and pressure can 

be controlled as selective variables to simulate or accelerate the actual working conditions [67]. 

SEM, EDX, XRD and X-ray photoelectron spectroscopy (XPS) are the main methods for optical 

analyses of the microstructures of corroded surfaces and products.  

2.3.2.2 Electrochemical methods  

Electrochemical methods are well-known and convenient approaches to examining the 

corrosive performance of materials by controlling the voltage, time and concentration of the 

corrosive solution [68]. The main advantages of electrochemical methods are high sensitivity, 

accuracy, extensive linear dynamic range, and relatively low testing cost [69]. Outstanding 

progress has been made in electrochemical analysis since it was discovered. Monitoring electron 

flow is a measurement process, and it is the basis of electrochemical testing, because corrosion is 
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an electrochemical reaction, and the current between the anode and cathode regions determines 

the corrosion rate [70]. Common electrochemical methods include potentiodynamic polarization, 

polarization resistance, cyclic polarization, and electrochemical impedance spectroscopy (EIS), 

etc.[71]. 

Potentiodynamic polarization method is representative of DC polarization technology. It 

has a wide range of applications in obtaining the corrosion rate, pitting sensitivity, passivity, and 

cathode performance of electrochemical systems. It is well known that anode, cathode, ions and 

the conductive path between anode and cathode are the four main conditions of the electrochemical 

process. Working electrode (WE), counter electrode (CE) and the solution between them create an 

ionic conduction path, while a potentiostat provides an electrical path. In this configuration, 

potentiostat can control and direct the electrochemical process. When electrons flow through the 

electrical path from the anode to the cathode, the anode and cathode are generally considered as 

the negative and positive electrodes, respectively [72]. The potential behavior of metals can be 

investigated via this method easily, which is favored in many applications. A typical hypothetical 

polarization curve with relevant parameters is shown in Figure 2-18. In the anode region, the 

behavior that current density does not rise with the increase of the voltage implies the formation 

of protective film on the metal surface during the corrosion process, which is recognized as 

passivation of the metal in polarization process. 
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Figure 2-18: A typical hypothetical polarization curve with relevant parameters [73]. 

 

On this curve, there are two main parts: the cathode region and the anode region. The linear 

polarization relationship exists in the anode and cathode regions of the polarization curve (potential 

versus current density). From the turning point of the two areas, the important parameters that 

characterize the corrosion behavior of the tested material such as corrosion potential (𝐸𝑐𝑜𝑟𝑟 ), 

current density (𝐼𝑐𝑜𝑟𝑟), and polarization resistance (𝑅𝑝) can be determined by following Tafel 

extrapolation [67]. Corrosion current (𝐼𝑐𝑜𝑟𝑟) can be obtained using Stern-Geary Equation [74]: 

                                                 𝐼𝑐𝑜𝑟𝑟 =
𝛽𝑎𝛽𝑐

2.3039(𝛽𝑎+𝛽𝑐)𝑅𝑃
                                                 (2.12) 

The polarization resistance, 
pR , can be determined from the following relationships [74]:  

                                                         𝐵 =
𝛽𝑎𝛽𝑐

2.3039(𝛽𝑎+𝛽𝑐)
                                                 (2.13) 

                                                              𝑅𝑝 =
𝐵

𝐼𝑐𝑜𝑟𝑟
                                                        (2.14) 

Parameter 𝛽𝑎 and 𝛽𝑐 are called anode slope and cathode slope, respectively. B represents 

Stern-Geary constant and can be calculated from the known Tafel slopes. Other parameters on this 

curve are given in Table 2-4. 
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Table 2-4: Polarization relevant parameters [67]. 

𝐼𝑝 Passive current density 

𝐼𝑐𝑜𝑟𝑟 Corrosion current 

density 𝐼𝑠 Secondary current 

density 𝐼𝑐 Critical current density 

𝐼𝑚𝑎𝑥 Maximum current 

density 𝐸𝑝𝑎  Passive potential 

𝐸𝑐𝑜𝑟𝑟 Corrosion potential 

𝐸𝑂2
 Oxygen evolution 

potential 𝐸𝑝𝑝  Primary passive 

potential 𝐸𝑝 Pitting potential 

 

Electrochemical impedance spectroscopy (EIS) technique is also a common corrosion test 

method. Different from potentiodynamic testing, it is an AC polarization experimental technique 

to characterize an electrochemical system. This technology measures the impedance of the system 

over a frequency range corresponding to different interfaces in the electrolytic cell system. Using 

this method, a series of electrochemical parameters can be determined, including double ohmic 

resistance and double-layer capacitance, charge transfer resistance, etc.  

If a potential is applied to the electrode system, the current will flow through the cell. The 

movement of ions through the electrolyte results in the formation of new materials. If the applied 

potential is a sine wave (𝛥𝐸 × 𝑠𝑖𝑛𝜔𝑡), the alternating current (AC) generated by the potential will 

also be a sine wave (𝛥𝑖 × 𝑠𝑖𝑛𝜔𝑡). The impedance is regarded as the relationship between the 

applied potential and the current. Moreover, this relationship is similar to the resistance-current-

potential relationship of a DC circuit. The impedance (Z) has an amplitude (ΔE/Δi) and a phase 

(φ). Therefore, EIS is the result of a series of impedances (Z) with a series of different phases (φ) 

[75]. 

The impedance (Z) in an AC circuit behaves similarly to the resistance (R) in a DC circuit. 

There are a number of instrument arrangements that can be used for EIS. One common instrument 
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combination uses a potentiostat connected to a frequency response analyzer (FRA). During the 

test, some potential (often 𝐸𝑐𝑜𝑟𝑟) is maintained by the potentiostat. At the same time, the FRA is 

employed to superimpose a small fluctuating potential and characterize the sample’s response to 

this voltage stimulus [29]. 

The curves, named Nyquist plot, in Figure 2-19, represents the type of experimental data 

that would be generated for a bare metal experiencing activation polarization. In this case, the 

solution resistance (𝑅𝑠 ) is found using the high-frequency data, and the value for the charge 

transfer resistance (𝑅𝑐𝑡) is defined by the low-frequency data. In the simplest case, the value of 

𝑅𝑐𝑡 is the same as that of the polarization resistance (𝑅𝑝). Once 𝑅𝑝 is defined, the corrosion rate is 

possibly obtained [29].  

 

Figure 2-19: A typical diagram of electrochemical impedance spectroscopy (EIS) [29]. 
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2.3.2.3 Immersion method 

Immersion test is a traditional method of corrosion study. The objective of this testing is to 

simulate the actual working environment as much as possible or use highly corrosive media to 

accelerate the corrosion process. During the test, corrosion medium, pH value, temperature, 

exposure time, and pressure are selected as the control variables. The test results can be evaluated 

in various methods, such as mass change, volume change, pit depth, etc. [33], [67]. From the 

perspective of micro-morphology, SEM, XRD, EDX and XPS can also be employed to inspect 

and analyze the samples after immersion in medium.  

2.3.2.4 Related studies in corrosion test 

Electrochemical corrosion tests, including potentiodynamic and cyclic polarization tests, 

were conducted on four Stellite alloys in 3.5 wt.% sodium chloride (NaCl) aqueous solution by 

Liu et al. [76]. The chemical compositions of these alloys are given in Table 2-5. Figure 2-20 

shows the polarization curves that describe the response of the current to the applied potential on 

the electrochemical system. The calculated values of corrosion parameters from the polarization 

curves of the alloys are summarized in Table 2-6. Obviously, the high-Mo Stellite alloys, Stellite 

22 and Stellite 728, have comparable corrosion resistance to Stellite 21, and higher corrosion 

resistance than Stellite 6. According to the values of 𝐸𝑐𝑜𝑟𝑟, Stellite 22 was corroded easier than 

Stellite 728 and Stellite 21, but after corrosion started, it became severer on Stellite 728 due to the 

larger value of 𝐼𝑐𝑜𝑟𝑟. The values of 𝑅𝑝 confirm that Stellite 728 was worse than Stellite 22 and 

Stellite 21 in corrosion resistance. 
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Table 2-5: Chemical compositions (wt.%, Co in balance) of Stellite alloys [76]. 

 
Cr W Mo C Fe Ni Si Mn Nb 

Stellite 22 27  11 0.25 3 2.75 1 1  

Stellite 728 24.2  11.8 0.35 1 3.8 0.45 0.52 2.07 

Stellite 21 27  5.5 0.25 3 2.75 1 1  

Stellite 6 28.5 4.5 1.5 1.2 3 3 1.5 1  

 

 
Figure 2-20: Potentiodynamic polarization curves of Stellite alloys in 3.5 wt.% NaCl solution 

[76]. 

 

Table 2-6: Summary of polarization test results of Stellite alloys in 3.5 wt.% NaCl solution [76]. 

Alloy 𝐸𝑐𝑜𝑟𝑟 (VSCE) 𝐼𝑐𝑜𝑟𝑟 (μA/cm2) 𝑅𝑝 (kΩ󠇐 cm2) 

Stellite 22 -0.325 0.004 3.418×105 

Stellite 728 -0.215 0.009 1.408×105 

Stellite 21 -0.210 0.004 3.398×105 

Stellite 6 -0.320 0.014 8.978×104 

 

Zhang et al. [67] investigated the corrosion behavior of wrought Stellite 6K and Stellite 6B, 

which have different carbon contents, in 3.5 wt.% NaCl solution and Green Death solution. The 

electrochemical test results indicated that Stellite 6K was easier to get corroded than Stellite 6B 

due to its larger volume fraction of carbides, but Stellite 6K exhibited better oxide film (Cr2O3) 

Element 

Alloy 
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behavior. The immersion tests of Stellite 6K and Stellite 6B in Green Death solution showed that 

Stellite 6B had better resistance to pitting corrosion.  

Kamal et al. [77] evaluated the corrosion performance of high-carbon high-molybdenum 

Stellite alloys including Stellite 706, Stellite 712 and Stellite 720 in various corrosive media under 

electrochemical tests . The results revealed excellent corrosion resistance of these alloys in Green 

Death solution, 3.5% NaCl solution and morpholine solution with pH 9.5. From the analyses of 

the corroded surface with SEM/EDX, the excellent corrosion resistance of Stellite 700 series was 

suggested to be attributed to the formation of passivation film which benefited from additional Mo 

content. Both carbon and molybdenum contents affected the passivation film and high content of 

Mo stabilized the passivation film. 
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Chapter  3: Alloy Powder Characterization and Bulk Alloy Microstructural 

Analysis 

3.1 Raw Powder Specification and Examination 

3.1.1 Chemical composition 

A benchmark Stellite grade, Stellite 6, and a newly designed cobalt high entropy alloy 

(HEA), HE6, were studied in this research. The nominal chemical compositions of the alloy 

powders (wt.% and at.%) are given in Table 3-1. Based on the composition, the values of entropy 

(∆S) and other critical parameters in the HEA regime can be calculated for Stellite 6 and HE6 alloy 

using Equation 2.2, 2.7 to 2.11 in Chapter 2, and they are reported in Table 3-2. The value of δ is 

related to the atomic size difference calculated with the atomic composition and the atomic radius 

among constituent elements. The parameter 𝛺  reflects whether entropy or enthalpy effect is 

predominant in the alloy system. The value 𝛺 > 1 is preferred for HEAs. The parameter VEC is 

defined as the weighted sum of electrons accommodated in the valence band, which can be used 

for predicting the phase stability of the FCC and BCC portion in HEAs. According to VEC 

categorization, HE6 possibly has FCC and BCC mixed solid solution. 

Table 3-1: Chemical compositions of alloy powders. 

Alloy 
Element 

Co Cr W Mo Fe Ni C 

Stellite 6 
wt.% 55.3 29 4.5 1.5 3 3 1.20 

at.% 51.8 30 1.4 0.9 3 3 5.52 

HE6 
wt.% 20.1 18 19.0 3.0 19 20 0.96 

at.% 21.6 22 6.5 2.0 22 22 5.06 
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Table 3-2: Entropy and related parameters of selected alloys. 

Alloy Entropy (∆S) Enthalpy (∆𝐇) (KJ/mol) 
δ 

(%) 
Ω VEC 

Stellite 6 1.32R -17.229 3.73 1.05 7.56 

HE6 1.73R -11.892 3.83 2.55 7.84 

 

In terms of Co content, HE6 alloy only has about one-third of the amount compared to 

Stellite 6 in weight percentage, which has significantly reduced the use of Co which is the iconic 

element in the traditional Stellite alloy system. Stellite 6 also contains much higher Cr (29 wt.%) 

than HE6 (18 wt.%), but Stellite 6 has a little higher C (1.20 wt.%) content than HE6 (0.96 wt.%). 

On the other hand, W, Fe and Ni contents are much higher in HE6 than in Stellite 6, and the Mo 

content is doubled. According to the HEA criteria, there are six elements in HE6 that are larger 

than 5 at.%, Co, Cr, W, Fe, Ni and C, which are considered as major elements; one element, Mo, 

is less than 5 at.%, which is the minor element. Therefore, a chemical formula according to at.% 

can be assigned to HE6, CoCrW0.3Mo0.09FeNiC0.23. The influence of the chemical changes from 

Stellite 6 to HE6 was studied via various experiments in this research and the results will be 

reported and discussed in the following chapter. 

3.1.2 Surface morphology   

In this study, Stellite 6 was selected as a conventional Stellite grade, and HE6 was created 

in terms of high entropy alloy regime. Both grades were manufactured from atomized alloy 

powders, which were supplied by Kennametal Stellite Inc. There is one sieve size (45 μm) of 

powder for Stellite 6, and two sizes (45 μm and 150 μm) for HE6. 

Morphology analysis was conducted on these alloy powders before the manufacturing 

processes of making bulk materials. The powder samples were examined using SEM with a 
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back-scatter electron (BSE) imaging setting (Figure 3-1). The electrons on the sample were 

stimulated by the incident beams from the electron gun and scattered. BSE detectors above the 

sample collected electrons scattered as a display of sample composition, whereas detectors placed 

to the side collected electrons scattered as a function of surface topography. Due to the difference 

in phase composition, the SEM image taken by BSE can better display the surface morphology of 

the sample. 

 
Figure 3-1: Tescan scanning electron microscope (SEM) system. 

 

The surface topographies of the alloy powders are shown in Figure 3-2 to Figure 3-4. 

Dendritic microstructure on the spherical surfaces are observed obviously for all powders, which 

indicates that the alloying elements in the powders were fully interacted and diffused during the 

powder processing, i.e., typical casting microstructures had already been achieved in the powder 

stage.  
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                              (a)                                                                             (b)  

Figure 3-2: SEM microstructure of Stellite 6 powder with 45 μm (a) low magnification, (b) high 

magnification. 

 

 
                              (a)                                                                             (b)  

Figure 3-3: SEM microstructure of HE6 powder with 45 μm (a) low magnification, (b) high 

magnification. 
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                              (a)                                                                             (b)  

Figure 3-4: SEM microstructure of HE6 powder with 150 μm (a) low magnification, (b) high 

magnification. 

 

3.1.3 Powder size distribution  

Based on the SEM images of the powders, the size distribution of each type of the powders 

can be analyzed through ImageJ processing software (Version 5.3.2). Figure 3-5 shows an instance 

of the threshold result based on the color difference displayed in the SEM images. 
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(a)                                                                 (b) 

Figure 3-5: An ImageJ processing result of powder size distribution (a) original SEM image of 

HE6 (45 μm), (b) software processed image.  

 

The size distributions of three powders are presented in Figure 3-6 to Figure 3-8, and the 

statistic d90 values are also reported. From the histograms, all powders show a statistic normal 

distribution. For Stellite 6, d90 is 35.04 μm, which means that 90% particles of Stellite 6 powder in 

this batch have diameters smaller than it. For HE6 (45 μm) powder, the value of d90 is 39.47 μm, 

which reflects a similar distribution to Stellite 6 (45 μm) powder. For HE6 powder with a larger 

size, its d90 equals 86.68 μm . All these results verify the factory mash/sieve particle size 

information that was provided by the supplier.  
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Figure 3-6: Particle size distribution of Stellite 6 (45 μm) powder. 

 

 
Figure 3-7: Particle size distribution of HE6 (45 μm) powder. 
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Figure 3-8: Particle size distribution of HE6 (150 μm) powder. 

 

3.1.4 Differential scanning calorimetry (DSC) analysis  

Differential scanning calorimetry (DSC) test was conducted on the alloy powders with a 

Netzsch DSC 404 C instrument (Figure 3-9). DSC can detect calorimetric events that occur while 

material in the heating and cooling process, especially it can determine the heating point and 

solidification point of the material, which are the key features widely used in material 

categorization. A small amount of alloy powder weighing around 50 mg was used for the DSC 

test. A vacuum coupled with a 5.0 grade Ar gas purifying system was equipped to keep the testing 

chamber free of impurities. The thermal cycle used in this study is shown in Figure 3-10. During 

the DSC test, the alloy powder sample was first heated to 500 ℃ at a heating rate of 5 K/min and 

kept for 10 min to stabilize the crucible; then the sample was heated to the maximum temperature 

(1450℃), at a rate of 10 K/min and held for 10 min; afterwards, the sample was cooled down to 

room temperature at a rate of 10 K/min. The details in mass record of each test are summarized 

in Table 3-3. The calorimetry behavior of the material during the heating and cooling process was 
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recorded by the NETZSCH Measurement device (Version 4.2) and analyzed with the NETZSCH 

Thermal Analysis (Version 4.2) software. Two repeated tests were conducted on each powder to 

confirm the repeatability of the results.   

 
Figure 3-9: Netzsch-DSC 404 C Thermal Analyzer. 

 

 
Figure 3-10: DSC thermal cycle. 
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Table 3-3: Mass record sheet of DSC tests. 

Test group 
Weight of crucible 

(mg) 

Weight of powder 

(mg) 

Reference crucible 

(mg) 

Stellite 6 
315.4 49.9 

312.2 

330.1 50.4 

HE6 (45 𝛍𝐦) 
315.0 50.1 

323.5 50.1 

HE6 (150 𝛍𝐦) 
320.5 50.1 

314.1 50.3 

 

The DSC curves obtained from the melting (heating) and solidification (cooling) process 

for the three powders are presented in Figure 3-11 to Figure 3-13. When a substance is crystallized, 

since the free energy of a regular crystal lattice is less than the free energy of a disordered liquid 

state, an exothermic effect occurs (valleys). Conversely, the melting of the crystal causes an 

endothermic effect (peak). Therefore, solidification temperature is the temperature at which the 

last exothermic peak occurs in the cooling process, while the melting point is the temperature at 

the first endothermic peak in the heating process [78]. The melting and solidification points of the 

alloy powders determined from the DSC tests are summarized in Table 3-4. 

For the two sizes of HE6 powder, the powder size has little effect on both heating and 

cooling behavior since the two DSC curves are almost identical (Figure 3-14 and Figure 3-15). 

Between the two different alloy grades, the melting point of Stellite 6 is about 26℃ lower than that 

of HE6; the solidification temperature of Stellite 6 is also lower than that of HE6.  

Table 3-4: Melting and solidification point data. 

Powder Melting point (℃) Solidification point (℃) 

Stellite 6 (45 𝛍𝐦) 1260.4±0.2 1112.9±1.3 

HE6 (45 𝛍𝐦) 1285.9±0.1 1250.0±0.4 

HE6 (150 𝛍𝐦) 1285.8±0.1 1249.4±1.0 
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Figure 3-11: DSC curves of Stellite 6 (45 μm) powder. 

 

 
Figure 3-12: DSC curves of HE6 (45 μm) powder. 
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Figure 3-13: DSC curves of HE6 (150 μm) powder. 

 

 

 
Figure 3-14: DSC heating curves of tested powders. 
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Figure 3-15: DSC cooling curves of tested powders. 

 

3.2 Bulk Alloy Manufacturing  

Two manufacturing processes were selected to make the bulk alloy specimens of Stellite 6 

and HE6 alloy, plasma transferred arc (PTA) welding and spark plasma sintering (SPS). Table 3-5 

lists the alloy powders and their manufacturing combinations.  

Table 3-5: PTA and SPS specimen completion status. 

Alloy powder Size (𝛍𝐦) PTA SPS 

Stellite 6  45 √ √ 

HE6  45 √ √ 

HE6  150 N/A √ 

 

3.2.1 Plasma transferred arc (PTA) welding process 

PTA is a well-established welding process that is used to deposit coating/hardfacing 

overlays on metal substrates. Kennametal Stellite Inc. produced Stellite 6 and HE6 PTA overlays 

on 316 stainless steel plates for this research. The substrates were cut off later with wire cutting, 

and only the overlays were investigated in this study. Table 3-6 gives the manufacturing 

parameters that were used to prepare the PTA specimens of Stellite 6 and HE6. Wire cutting was 



 58 

used to section the PTA specimens into small round or square samples to comply with the 

requirements of various experiments. Taking one PTA workpiece as an example, Figure 3-16 

illustrates the sampling diagram. 

 

Table 3-6: PTA manufacturing parameters. 

Process parameter Stellite 6 HE6 

Overlay thickness (mm) 4-6 4-6 

Plasma gas flow rate (l/min) 2.8-3.0 2.8-3.0 

Powder gas flow rate (l/min) 4.5-5.0 4.5-5.0 

Preheat temperature (℃) 220 120 

Interpass temperature (℃) 350 250 

Post-heat temperature (℃) 400 300 

Voltage (V) 30-35 30-35 

Current (A) 180-220 180-220 

 

   

 
Figure 3-16: An example of wire cutting on a PTA workpiece. 

 

3.2.2 Spark plasma sintering (SPS) process 

Meanwhile, SPS has emerged as a promising technique for material sintering process in 

the recent decade. It has been studied for a wide range of materials, such as ceramic, composites, 

high-temperature alloys, etc. Compared with other popular sintering techniques, such as cold or 

hot isostatic pressing pressure (CIP, HIP), SPS provides a much shorter lead time with promising 
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product qualities. A Thermal Technology’s SPS System Model 10-3 was adopted in this study. A 

schematic drawing of the SPS process is shown in Figure 3-17 [45]. A weight of 10.56 grams alloy 

powder was put into round graphite die. The mass was calculated based on the aimed bulk material 

density and the volume of the die. After the die was placed in the cavity, the chamber was 

vacuumed to 0.02 torr and then filled with 5.0 grade ultra-high purity argon gas before the start of 

sintering. A pulsed direct current (DC) power supplied heat to the chamber, while uniaxial pressure 

was applied and maintained to the die during the whole heating cycle. After an extensive literature 

review [79]–[83], the manufacturing parameters were chosen for Stellite 6 and HE6, as listed in 

Table 3-7; and the heating cycle is illustrated in Figure 3-18. Complete information of sample 

types and sizes are summarized in Table 3-8. In the following analyses and discussion, PTA Stellite 

6 (45 m) or PTA Stellite 6 refers to the bulk specimen from the PTA process using Stellite 6 

powder with a particle size of 45 m; SPS Stellite 6 (45 m) or SPS Stellite 6 refers to the bulk 

specimen from the SPS process using Stellite 6 powder with a particle size of 45 m. Similar 

notion is used for PTA HE6, SPS HE6 (45 m) and SPS HE6 (150 m).                   

 
Figure 3-17: Schematic of the working principle of the SPS apparatus [45]. 
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Table 3-7: SPS process parameters for alloy specimen manufacturing. 

Process parameter Stellite 6 & HE6 

Temperature (℃) 1050 

Heating rate (K/min) 150 

Holding time (min) 10 

Uniaxial pressure (MPa) 50 

Inner diameter of die (mm) 20 

The atmosphere in the chamber 5.0 grade Ar gas 

 

 
Figure 3-18: SPS heating cycle. 

 

Table 3-8: Bulk specimen manufacturing status and geometry. 

Alloy 

 

Sample  geometry  

Square 

10×10 mm 

Rectangle 

20×15 mm 

Round 

∅15 mm 

Round 

∅20 mm 

Thickness  

t ≈ 5 mm 

PTA Stellite 6 √ √ √ 
N/A 

PTA HE6 (45 m) √ √ √ 

SPS Stellite 6  

N/A 

√ 

SPS HE6 (45 m) √ 

SPS HE6 (150 m) √ 
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3.2.3 Density measurement of bulk alloy specimens 

The densities of bulk alloy specimens were calculated by dividing the mass by the volume. 

Three specimens of each alloy were measured for average mass and volume. Moreover, the 

porosity of each specimen was calculated via the image processing method. The obtained density 

results are summarized in Table 3-9. Higher density reflects better internal consolidation in the 

manufacturing process, which contributes to the mechanical properties of the material and the 

integrity of powders. The density of fully dense Stellite 6 is 8.34 g/cm3 which is the actual data of 

cast Stellite 6. Compared with the official data of cast Stellite 6, both the PTA and SPS Stellite 6 

specimens are close to the fully dense state, with the former having a relative density of 99.0% and 

the latter 97.6%. It can be inferred that Stellite 6 specimens have been successfully manufactured 

with PTA and SPS processes. PTA HE6 (45 m) has a higher density of 8.915 g/cm3 which is 

attributed to its higher content of W. Since HE6 is newly designed, there is no available density 

data. But based on that the PTA specimen is close to the casting state, its density is considered as 

a fully dense value. The SPS HE6 specimens have close density values to the PTA ones. The 96.7% 

and 98.5% relative density of SPS HE6 (45 m) and SPS HE6 (150 m) indicate that the bulk 

specimens have been fully compacted via the SPS process. 

Table 3-9: Density and porosity measurements of alloy specimens. 

Alloy 
PTA SPS 

Density (g/cm
3
) Relative density Density (g/cm

3
) Relative density 

Stellite 6  8.258±0.011 99.0% 8.141±0.014 97.6% 

HE6 (45 m) 8.915±0.032 1 8.621±0.063 96.7% 

HE6 (150 m) N/A 8.757±0.130 98.5% 
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3.3 Sample Surface Preparation 

For the following microstructural analyses and performance evaluations, the surfaces of 

alloy samples were prepared with the procedures as follows: 

1) The alloy samples were hot mounted before polishing with the Simplimet II Mounting Machine 

(Figure 3-19) using phenolic resin.  

2) The sample was ground and polished using a Buehler MetaServ™ 250 Grinder-Polishing 

Machine (Figure 3-20). The polishing took steps with a series grit of sandpapers, 180, 240, 

320, 400, 600, 800 and 1200 grit, from coarse to fine; followed by a step with 3 μm diamond 

suspension polish; then a final step was taken to achieve a mirror-like surface using 0.06 μm 

colloidal silica suspension. The surface finish requirements vary for different tests. 

3) Table 3-10 summarizes the requirements used for all the tests in this study. 

    

Table 3-10: A summary of the surface requirements for various experiments. 

Test  Surface finish requirement 

SEM/EDX 0.06 μm final polishing 

Polarization 0.06 μm final polishing 

Microhardness 0.06 μm final polishing 

Immersion Up to 1200 grit 

Pin-on-disc wear Up to 400 grit 

X-ray diffraction (XRD) Up to 400 grit 
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Figure 3-19: Buehler Simplimet II Mounting Press. 

 

 

Figure 3-20: Buehler MetaServ™ 250 Grinder-Polisher. 
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4) The sample was cleaned up with an ultrasonic cleaner for 15 minutes (Figure 3-21) after 

polishing. It was also used to clean up the sample surface after wear and corrosion tests.   

 

 
Figure 3-21: CO-Z 6L Professional Ultrasonic Cleaner. 
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3.4 Microstructural Analysis of Bulk Alloys   

The microstructures of bulk HE6 and Stellite 6 alloy specimens from PTA and SPS 

processes were analyzed using a scanning electron microscope (SEM), equipped with an energy 

dispersive X-ray spectroscopy (EDX) unit, with the assistance of X-ray diffraction (XRD). The 

combination of these techniques is able to analyze the microstructure morphology, identify phases 

present and quantify main constituents in the microstructure.     

3.4.1 XRD analysis      

XRD was utilized to generate a scanning pattern for both the bulk specimens and powder 

samples of HE6 and Stellite 6 alloy, in order to investigate the phase transformation that had 

occurred in HE6 and Stellite 6 alloy during the PTA and SPS processes, converting the alloy 

powders to bulk specimens.      

The Rigaku Ultima IV Diffractometer (X-ray Core Facility, University of Ottawa) was 

employed to obtain the diffraction patterns in the present study. The theta-theta system with copper 

radiation (Cu K𝛼) and one diffracted beam monochromator was applied to scan the sample surface 

from 30° to 100°. Then the XRD patterns were interpreted with the analytical software, JADE 9 

Plus (version 9.8.0), equipped with Powder Diffraction File (PDF) ICDD database 2020. Each 

phase in a microstructure has its identical peaks in the database so that the obtained peak patterns 

from the scan on the sample were carefully compared with the standards of phase peaks to identify 

each phase in the examined microstructure.  
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3.4.1.1 XRD patterns of Stellite 6  

The combined XRD patterns of Stellite 6 alloy in various forms are presented in Figure 

3-22, demonstrating similarities and differences in phases of Stellite 6 under various 

manufacturing conditions. 

 
Figure 3-22: Combined XRD patterns of Stellite 6 alloy in powder and bulk form. 

 

The XRD pattern of Stellite 6 powder with the identified phases is illustrated in Figure 

3-23. In general, it well agrees with literature findings [79]. The solid solution is Co phase in FCC 

structure. The major precipitates are confirmed to be complex M23C6 carbides, where M represents 

the mixing of Cr and Fe. The XRD results also find some intermetallics existing at the major peaks 

such as FeNi3, Cr0.095Fe0.38Co0.528, Cr4Ni15W and Co3Mo.  
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Figure 3-23: XRD pattern and phase identification of Stellite 6 powder. 

 

Figure 3-24 illustrates the XRD results of PTA Stellite 6. Compared to the powder form, 

the peaks of HCP (hexagonal close-packed) Co phase are detected in PTA Stellite 6, along with 

some new intermetallics formed after welding, as indicated in the XRD pattern. Cobalt has a stable 

HCP structure at low temperature, but when the temperature rises, HCP to FCC transition occurs 

around 700 K. This type of phase transition is generally sluggish [84]. Stellite alloys usually 

contain different proportions of HCP Co, especially after hot working and slow cooling processes. 

Regarding carbides, the PTA process did not change them very much; there are still M23C6 

dominating in the PTA specimen. For intermetallics, more complex combinations have emerged 

in the PTA form of Stellite 6.  
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Figure 3-24: XRD pattern and phase identification of PTA Stellite 6. 

 

As for SPS Stellite 6, the profile of the peaks is shown in Figure 3-25. Similar to the PTA 

specimen, HCP Co is present in the bulk specimen from SPS process. In addition to M23C6 carbides, 

Fe or W containing M2C carbides are also detected. However, it is interesting to note that no 

intermetallics are found in this specimen according to the XRD pattern.  
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Figure 3-25: XRD pattern and phase identification of SPS Stellite 6. 

 

3.4.1.2 XRD patterns of HE6   

Figure 3-26 presents the XRD patterns of HE6 powders with different particle sizes, and 

Figure 3-27 shows the XRD patterns of HE6 bulk specimens from PTA and SPS processes. It is 

observed that the HE6 powders with large and small particle sizes have identical phases. For the 

bulk specimens, in general, the XRD patterns are similar. Thus, one XRD pattern from the powder 

group and one from the bulk specimen group were taken for detailed phase analysis.  
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Figure 3-26: Combined XRD patterns of HE6 powders with different particle sizes. 

 

 
Figure 3-27: Combined XRD patterns of HE6 bulk specimens from SPS and PTA processes. 
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The XRD results of HE6 powder (150 μm) and SPS HE6 (150 μm) bulk specimens are 

presented in Figure 3-28 and Figure 3-29, respectively. Using the phase analysis software,  FCC 

phase is confirmed to be the solid solution of HE6 in both powder and bulk form. The phases in 

this alloy are identified to be much more complex, compared to that of Stellite 6. This should be 

attributed to the multi-element system (Co-Cr-Fe-Ni) of HE6, rather than a single major element 

Co of Stellite 6. The FCC solid solution of HE6 consists of Co, Cr, Fe and Ni. Three types of 

carbides with different contents are detected in HE6 powder and bulk forms: MC, M16C and M23C 

for HE6 powders; M6C, M16C and M23C for HE6 bulk specimens. Several complex intermetallics 

are also found in both powder and bulk forms. Further analyses in the microstructures of bulk 

Stellite 6 and HE6 specimens were performed with SEM and EDX. 

  
Figure 3-28: XRD pattern and phase identification of HE6 powder (150 μm). 
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Figure 3-29: XRD pattern and phase identification of SPS HE6 (150 μm). 

 

3.4.2 SEM and EDX analyses 

SEM/EDX techniques enable analyzing the morphology and compositions of the material 

surface at the same time. EDX provides an accurate quantitative analysis of the chemical 

composition in a target area. However, light elements such as carbon and oxygen are rather 

qualitative due to their low energy level. Thus, they are difficult to be quantified by EDX. The 

elements after oxygen in the periodic table are considered to be reliable in EDX quantification. 

3.4.2.1 Microstructure of PTA Stellite 6  

The PTA Stellite 6 specimen has the typical hypoeutectic microstructure that consists of 

various carbides dispersed in a Co-based solid solution matrix, as shown in Figure 3-30. A higher 

magnification image of the specimen surface in Figure 3-31 details the morphology of carbides 
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and solid solution in the alloy microstructure, which also marks the areas for EDX analysis. The 

EDX results show quantitative differences in chemical composition between the examined areas, 

as reported in Table 3-11. According to the elemental concentrations, together with the XRD 

results, the grey area, which is the main constituent of the microstructure, should be Co-based solid 

solution because of very high Co content. The dark area is Cr-rich carbides due to high Cr and C 

contents. The bright area is W/Mo-rich intermetallics since it contains high W content and 

relatively high Mo content. These results agree with the findings of previous research reported in 

the literature [85].   

  

                                (a)                                                (b) 

Figure 3-30: PTA Stellite 6 microstructure (a) at low magnification, (b) at high magnification. 
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                                 (a)                                                                       (b) 

Figure 3-31: EDX spectra of PTA Stellite 6 microstructure: (a) locations of spectrum, (b) 

spectrum 1 of grey area (Co-based solid solution), spectrum 2 of dark area (Cr-rich carbides), 

spectrum 3 of bright area (W/Mo-rich intermetallics). 

 

Table 3-11: EDX elemental table of PTA Stellite 6. 
Grey (Co-based solid solution) Dark (Cr-rich carbide) Bright (W/Mo-rich intermetallic) 

Element wt.% at.% Element wt.% at.% Element wt.% at.% 

C 3.50 14.86 C  16.71 48.55 C  13.00 45.25 

Si  0.91 1.64 Si  0.19 0.24 Si  0.78 1.15 

Cr  30.09 29.50 Cr  48.51 32.55 Cr  23.75 19.11 

Fe  2.03 1.85 Mn  0.03 0.02 Mn  0.07 0.06 

Co  57.19 49.46 Fe  1.12 0.70 Fe  1.25 0.94 

Ni  1.35 1.17 Co  27.68 16.39 Co 37.78 26.81 

Mo  0.62 0.33 Ni 0.81 0.48 Ni  1.03 0.74 

W  4.33 1.20 Mo 0.75 0.27 Mo  4.17 1.82 

 W  4.20 0.80 W  18.17 4.13 

 

 

 



 75 

3.4.2.2 Microstructure of SPS Stellite 6 

Different from PTA Stellite 6 specimen which has the casting microstructure, the SPS 

Stellite 6 specimen has a powder metallurgy (PM) microstructure in which fine precipitates (dark 

region) are distributed uniformly over the solid solution (grey region), rather than forming 

dendritic structures, as shown in Figure 3-32. Moreover, the W/Mo-rich bright phase 

(intermetallics) in PTA Stellite 6 is not found in this SPS version. Instead, these intermetallics are 

replaced by other carbides according to the XRD results. The EDX results, reported in Figure 3-33 

and Table 3-12, reveal that the dark precipitates are Cr-rich carbides because of high Cr and C 

contents, while the gray area is Co-based solid solution owing to high Co content. Additionally, it 

is noteworthy that a type of fine black precipitates is found in the microstructure of SPS Stellite 6 

which refers to M2C, where M represents W or Fe, according to the XRD results. The presence of 

M2C (mainly W2C) implies that the hardness of this alloy may rise significantly after the SPS 

process.   

    
                                              (a)                                                   (b) 

Figure 3-32: SPS Stellite 6 microstructure (a) at low magnification, (b) at high magnification. 
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                                        (a)                                                                   (b) 

Figure 3-33: EDX spectra of SPS Stellite 6 microstructure: (a) locations of spectrum, (b) 

spectrum 1 of grey area (Co-based solid solution), spectrum 2 of dark grey area (Cr-rich 

carbides). 

 

Table 3-12: EDX elemental table of SPS Stellite 6. 

Grey (Co-based solid solution) Dark (Cr-rich carbide) 

Element wt.% at.% Element wt.% at.% 

C  7.67 28.59 C  24.55 58.65 

Si  0.97 1.54 O  2.51 4.50 

Cr  26.80 23.09 Si  0.87 0.89 

Fe  1.37 1.10 Cr  37.25 18.13 

Co  58.63 44.57 Fe  1.07 0.55 

W  4.56 1.11 Co  30.34 16.74 

 W  3.40 0.53 

 

3.4.2.3 Microstructure of PTA HE6 

The SEM microstructure of PTA HE6 specimen at low magnification (Figure 3-34 a) 

shows a typical dendritic casting morphology, similar to that of PTA Stellite 6, but it exhibits a 

unique combination of solid solution, carbides, and eutectic zones. Moreover, the bright area is 

much more than that in the Stellite 6 specimen due to much higher W and Mo contents. It is worth 
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to note that almost all the W/Mo-rich areas coexist within the lamellar eutectic zone, as shown in 

Figure 3-34 (b). The EDX results in Figure 3-35 and Table 3-13 confirm that the bright area is 

W/Mo-rich carbides/intermetallics, the dark area is Cr/Fe-rich carbides, and the gray area is solid 

solution, according to the elemental concentrations. However, unlike Co-based solid solution in 

Stellite 6, the solid solution of HE6 alloy contains equiatomic Co, Cr, Fe and Ni.  

 

                            (a)                                                            (b) 

Figure 3-34: PTA HE6 microstructure (a)  at low magnification, (b) at high magnification. 
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                               (a)                                                                    (b) 

Figure 3-35: EDX spectra of PTA HE6 microstructure: (a) locations of spectrum, (b) spectrum 1 

of grey area (solid solution), spectrum 2 of bright area (W/Mo-rich carbides/intermetallics), 

spectrum 3 of dark area (Cr/Fe-rich carbides). 

 

Table 3-13: EDX elemental table of PTA HE6. 

Grey (solid solution) 
Bright (W/Mo-rich 

carbide/intermetallic) 

Dark (Cr/Fe-rich 

carbide) 

Element wt.% at.% Element wt.% at.% Element wt.% at.% 

C  9.32 35.32 C  11.54 45.31 Cr 40.61 40.50 

Cr 16.26 14.23 Cr  15.00 14.92 Fe  18.93 16.18 

Fe  20.17 16.43 Fe  12.48 10.53 Co  12.13 10.67 

Co  18.83 14.53 Co  11.95 9.56 Ni 10.15 8.96 

Ni  20.36 15.77 Ni  11.13 8.94 W 13.59 3.83 

W  15.06 3.73 W  34.31 8.80 C 4.60 19.85 

 Mo 3.59 1.94  
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3.4.2.4 Microstructure of SPS HE6 (45 m) 

Figure 3-36 shows the microstructure of SPS HE6 (45 m) specimen. Overall, it is similar 

to a PM microstructure. In addition, it is shown that the original particle boundaries remain in most 

of the microstructure, as marked by the circles in Figure 3-36 (a). This implies that after the SPS 

process, the bulk alloy can inherit powder particle features. Also, the grain growth during 

consolidation might be restrained in the SPS because of the application of a short sintering time, 

rapid heating, and low-temperature sintering [86]. According to the EDX results (Figure 3-37 and 

Table 3-14), the bright area is W/Mo-rich phase. Since the dark and gray areas are too small to be 

distinguished evidently by the EDX machine, the two areas show similar compositions of mainly 

equiatomic Co, Cr, Fe, and Ni. However, combining the XRD results, it is believed that the 

existence of carbides contributes to the visual difference in phases of the SPS form. Thus, it is still 

possible to identify different phases according to the distinct greyscales. In addition, it can be 

inferred that a series of intermetallics are dispersed over the alloy which may cause inaccurate 

EDX results. As a result, Figure 3-36 (b) indicates the three groups of phases.  

 

                               (a)                                                (b) 

Figure 3-36: SPS HE6 (45 m) microstructure (a) at low magnification, (b) at high 

magnification. 
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                               (a)                                                                    (b) 

Figure 3-37: EDX spectra of SPS HE6 (45 m) microstructure: (a) locations of spectrum, (b) 

spectrum 1 of grey area (solid solution), spectrum 2 of bright area (W/Mo-rich phase), spectrum 

3 of dark area (similar to grey area). 

 

Table 3-14: EDX elemental table of SPS HE6 (45 m). 

Grey (solid solution) 
Bright (W/Mo-rich 

carbide/intermetallic) 

Dark (same as Grey) 

Element wt.% at.% Element wt.% at.% Element wt.% at.% 

C  8.76 33.23 C  25.05 68.61 C 8.83 33.37 

Cr  16.76 14.69 Cr  16.78 10.62 Cr 16.52 14.42 

Fe  20.26 16.54 Fe  8.01 4.72 Fe 20.41 16.59 

Co  19.97 15.88 Co  8.46 4.72 Co 20.43 15.74 

Ni  21.13 16.4 Ni  7.97 4.47 Ni 21.94 16.96 

W  13.13 3.26 Mo  5.05 1.73 W 11.87 2.93 

 W  28.68 5.13  
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3.4.2.5 Microstructure of SPS HE6 (150 m) 

The microstructure of SPS HE6 (150 m) specimen is similar to that of SPS HE6 (45 m) 

specimen, indicating that the size of the initial HE6 alloy powder has little effect on its 

microstructure evolved during the SPS process, according to the microstructure in Figure 3-38. 

The only notable difference for particle sizes is larger original particle boundaries of SPS HE6 

(150 m) specimen, as marked by the circles in Figure 3-38 (a), which is attributed to the larger 

size of the original HE6 alloy powder. The combination of the EDX results (Figure 3-39 and Table 

3-15) and XRD pattern suggests that the bright area is W/Mo-rich phase, the grey area is multi-

element (Co-Cr-Fe-Ni) solid solution, and the dark area represents carbides. 

 

                               (a)                                                 (b) 

Figure 3-38: SPS HE6 (150 m) microstructure (a) at low magnification, (b) at high 

magnification. 
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                                   (a)                                                                             (b) 

Figure 3-39: EDX spectra of SPS HE6 (150 m) microstructure: (a) locations of spectrum, (b) 

spectrum 1 of grey area (solid solution), spectrum 2 of bright area (W/Mo-rich phase), spectrum 

3 of dark area (carbides). 

 

Table 3-15: EDX elemental table of SPS HE6 (150 m). 

Grey (solid solution) Bright (W/Mo-rich carbide/intermetallic) Dark (carbide) 

Element wt.% at.% Element wt.% at.% Element wt.% at.% 
C 8.83 33.37 C 29.66 74.28 C 30.76 69.84 

Cr 16.52 14.42 Cr 11.12 6.43 Cr 28.91 15.16 

Fe 20.41 16.59 Fe 8.11 4.37 Fe 10.37 5.06 

Co 20.43 15.74 Co 8.55 4.36 Co 8.86 4.10 

Ni 21.94 16.96 Ni 8.03 4.11 Ni 7.61 3.53 

W 11.87 2.93 Mo 5.30 1.66 Mo 2.24 0.64 

 W 29.22 4.78 W 11.26 1.67 
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3.4.3 Determination of carbide volume fraction  

In general, the properties of carbon-containing alloys, such as hardness, corrosion and wear 

resistance, are determined by the carbide volume fraction of the materials. In the present study, the 

carbide volume fraction of each Stellite 6 and HE6 alloy specimen was determined using the image 

processing software, ImageJ (Version 5.3.2). Basically, the volume fraction of a phase was 

calculated by adjusting the threshold of colors to convert the greyscale image to a binary image of 

the microstructure so that different gray scales can be quantified, respectively. Figure 3-40 to 

Figure 3-44 show the image conversion results of Stellite 6 and HE6 specimens for determining 

carbide volume fractions, using the ImageJ software.  

 
(a)                                          (b)                                         (c) 

Figure 3-40: ImageJ processing of PTA Stellite 6 (a) original SEM image, (b) Cr-rich carbides 

highlighted, (c) W/Mo-rich intermetallics highlighted. 
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 (a)                                         (b)                                         (c) 

Figure 3-41: ImageJ processing of SPS Stellite 6 (a) original SEM image, (b) M23C6 carbides 

highlighted. (c) M2C carbides highlighted. 

 

 
 (a)                                         (b)                                        (c) 

Figure 3-42: ImageJ processing of PTA HE6 (a) original SEM image, (b) Cr/Fe-rich carbides 

highlighted, (c) W/Mo-rich intermetallics/carbides highlighted. 

 

 
(a)                                           (b)   

Figure 3-43: ImageJ processing of SPS HE6 (45 μm) (a) original SEM image, (b) Cr/Fe-rich 

carbides highlighted, (c) W/Mo-rich intermetallics/carbides highlighted. 
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(a)                                            (b)                                           (c) 

Figure 3-44: ImageJ processing of SPS HE6 (150 μm) (a) original SEM image, (b) W/Mo-rich 

intermetallics/carbides highlighted, (c) Cr/Fe-rich carbides highlighted. 

 

The results of carbide volume fraction measurement for Stellite 6 and HE6 alloy specimens 

are summarized in Table 3-16. For Stellite 6 alloy, the most distinct difference is W/Mo-rich phase, 

which is found in the PTA specimen but not in the SPS specimen. For HE6 alloy, it is evident that 

the amount of W/Mo-rich phases in the SPS specimen is much larger than that in the PTA specimen, 

but Cr/Fe-rich carbide phases are just the opposite. Between Stellite 6 and HE6 alloy, the latter has 

a larger volume fraction of overall precipitates (carbides and intermetallics). 

Table 3-16: Volume fractions (vol.%) of precipitates in tested alloys. 

 Carbides 
W/Mo-rich 

intermetallics/carbides 

Overall 

precipitates 

PTA-Stellite 6 17.8 3.8 21.6 

PTA-HE6 20.8 14.2 35.0 

SPS-Stellite 6 17.7 (M23C6) 0.6 (M2C) N/A 18.3 

SPS-HE6-45 10.2 25.8 36.0 

SPS-HE6-150 7.3 26.8 34.1 

 

3.4.4 Summary of microstructural analyses  

Stellite 6 alloy has been studied extensively in microstructure since it was created. The 

results of microstructural analysis for this alloy obtained in this study are consistent with previous 

findings [32][83][87][88]. For the PTA specimen, two types of strengthening agents, which are 



 86 

Cr-rich carbides (17.8 vol.%) and minor W-rich intermetallics (3.8 vol.%), are precipitated in Co 

solid solution matrix. However, SPS Stellite 6 specimen is found not containing W-rich 

intermetallics, but in addition to similar amount of Cr-rich carbides (M23C6), a new type of carbides 

(M2C, where M represents W and Fe) in a very small amount (0.6 vol.%) is precipitated in this 

specimen. Regarding the microstructure morphologies, PTA Stellite 6 displays typical 

characteristics of casting microstructure of this alloy in that the carbides form a semi-continuous 

network in the solid solution matrix. As for SPS Stellite 6, it has a common microstructure of PM 

processed Stellite alloys, in which fine carbides are distributed uniformly over the solid solution 

matrix. From the microstructural analyses of the Stellite 6 specimens, it is evident that PTA and 

SPS manufacturing processes not only result in distinct microstructure morphologies but also alter 

phase constituents of the alloy. This is because the former is the liquidus processing method while 

the latter is the liquidus/solidus processing method; the two techniques manufacture materials in 

different mechanisms. In the PTA process, Stellite 6 powder was entirely melted so that the phase 

transformations occurred during the solidification of the molten powder. However, in the SPS 

process, since the powder particles were only partially melted, the main mechanism of phase 

formation was elemental diffusion. Therefore, the SPS specimen retained some microstructure 

features of the Stellite 6 powder.       

HE6 alloy is a new alloy, which was first studied in this research. Owing to the unique 

chemical composition, which combines the concepts of both Stellite alloy and HEA, HE6 alloy 

has a novel microstructure that takes the main features of Stellite alloys but also exhibits the 

characteristics of HEAs. First, due to the presence of carbon (0.96 wt.%), large amounts of carbides 

(Cr/Fe-rich and W/Mo-rich) were precipitated in the solid solution matrix. Second, the solid 

solution is not Co-based, which differs from Stellite alloys, due to near equiatomic Co-Cr-Fe-Ni 



 87 

composition. Instead, the FCC solid solution consists of Co, Cr, Fe and Ni. Third, the presence of 

W (19 wt.%) promoted the formation of W/Mo-rich intermetallics in large quantities. Although 

the PTA and SPS processes rendered distinct microstructure morphologies of HE6 alloy, the phase 

constituents of the specimens from these two processes are the same, only varying in ratio. For 

example, the W/Mo-rich intermetallics in SPS HE6 specimen are apparently increased, compared 

with the PTA one, while the Cr/Fe-rich carbides are reduced. The powder particle size of HE6 

alloy had little influence on the microstructure of the SPS specimen.     

Combining the results of XRD and SEM/EDX, the composition of each visually different 

phase can be confirmed, as summarized in  

Table 3-17 to  

Table 3-21. For Stellite 6, single FCC Co forms the solid solution of the alloying powder, 

but HCP Co was generated during the PTA and SPS processes and co-existed with FCC Co in 

PTA and SPS Stellite 6 specimens. For carbides, the PTA and SPS processes retained the same 

type of carbide (Cr-rich M23C6) from the Stellite 6 powder in the bulk specimens. Additionally, 

the SPS process also induced M2C type carbides (Fe/W-rich) with W/Mo-rich intermetallics 

diminishing in SPS Stellite 6 specimen.   

Table 3-17: Identified phases in Stellite 6 powder. 

Solid solution Carbides Other major phases Other minor phases 

Co-based Cr-rich Intermetallics Intermetallics 

FCC Co M23C6 
Cr4Ni15W FeNi3 

Co3Mo Cr0.095Fe0.38Co0.528 
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Table 3-18: Identified phases in PTA Stellite 6. 

Solid solution 

(grey) 

Carbides 

(black) 

Other major phases 

(bright) 

Other minor 

phases 

Co-based Cr-rich Intermetallics Intermetallics 

FCC Co 

HCP Co 
M23C6 

Cr4Ni15W CrFeCo 

Co3Mo Cr0.4Co0.245Ni0.351 

Co3W CrFeCoNi 

Co0.87W0.13 Cr3Fe 

 Cr0.32Mo0.04Co0.64 
 

Table 3-19:  Identified phases in SPS Stellite 6. 

Solid solution (grey) Carbides (dark grey, black) 

Co-based Cr-rich 

FCC Co M23C6 (Cr-rich, dark grey) 

HCP Co M2C (Fe2C/W2C, black) 
 

For HE6 alloy, the phase constituents of bulk specimens are much more complex than that 

of powder form, which means that both the PTA and SPS processes promoted new phases formed 

in this alloy. On the other hand, near equiatomic Co-Cr-Fe-Ni composition of HE6 alloy provided 

more options for phase formation in this alloy. Multi-element FCC solid solution remained stable 

in bulk HE6 alloy specimens, but there were slight changes in carbides. M23C6 and M16C were 

retained in the bulk specimens from the HE6 powder, but MC from the powder transferred to M6C 

in bulk HE6. Meanwhile, a series of intermetallics were precipitated in HE6 during the PTA and 

SPS processes, which were more diverse than that in Stellite 6. The mechanisms behind various 

carbide and intermetallic formations in HE6 alloy are not yet clear. However, since this alloy 

contains high Ni (20 wt.%) which is active in alloy systems, there are more intermetallic 

compounds containing Ni formed in the alloy matrix.  

The phase analyses with XRD show the same phase constituents in the PTA specimen and 

SPS specimens from two different size powders of HE6 alloy, which suggests that the phases 
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formed in HE6 alloy are more dependent on its chemical composition rather than manufacturing 

method, and original powder size has little impact on the microstructure evolution.         

Table 3-20: Identified phases in HE6 powder. 

Solid solution  Carbides  
Other major 

phases  
Other minor phases 

Co, Cr, Fe, Ni solid 

solution 
Cr/Fe-rich Intermetallics Intermetallics 

Co M23C6 WNi4 Ni-Cr-Co-Mo 

Cr MC MoNi4 Fe0.66Ni0.34 

Fe M16C Cr0.5Mo0.5 Cr0.44W0.03Ni0.53 

   Cr1.93Fe0.61Co0.17Ni5.96Mo1.15W0.18 

 

Table 3-21: Identified phases in bulk HE6. 

Solid solution (grey) 
Carbides 

(black) 

Other major phases 

(bright) 

Other minor 

phases 

Co, Cr, Fe, Ni solid 

solution 
Cr/Fe-rich Intermetallics/carbides Intermetallics 

Co M23C6 WNi4 Cr0.5Ni0.5 

Cr M16C W1.8Ni8.1 Ni-Cr-Co-Mo 

Fe  Co3Mo Fe0.66Ni0.34 

  M6C (W/Mo) Cr-Ni-Fe-C 

   Ni-Cr-Co-Mo 
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Chapter  4: Performance Evaluation of Bulk Alloys 

4.1 Hardness Test 

Hardness is one of the critical scales in material characterization. It is a measurement of 

the resistance of a solid material to shape change occurring when a force is applied to it. This is an 

essential feature of material selection since many other material properties, such as ductility, 

elasticity, strain, toughness and strength, are related to it.  

4.1.1 Experimental procedure 

In this research, both Vickers Hardness (HV) and Rockwell Hardness C-Scale (HRC) of 

bulk specimens of Stellite 6 and HE6 were measured, as a part of performance evaluation of the 

new HEA alloy. A CLEMEX microhardness tester, model SMT-X7 Dual Indenter, shown in 

Figure 4-1, was employed to investigate the Vickers hardness of the alloy specimens at room 

temperature. This microhardness tester system is fully-automated with a computer-controlled 

workbench, using Vickers indenter standards. The system applies a constant force to a sharp 

indenter in order to form a permanent indentation on the sample surface. It has a wide load range, 

from 1 gram force (gf) to 2000 gf. The loading duration varies between 5 ~ 60 seconds.  Using a 

microscope coupled with a digital camera, each phase in the microstructure can be identified and 

selected for measurement. Meanwhile, the value of hardness is automatically calculated by the 

built-in software package based on the surface residual indentation area and the applied force. 

Following the ASTM E384-17 standard [89], the testing parameters used in this research are set, 

as summarized in Table 4-1. For Vickers hardness, the results were calculated based on measuring 

the lengths of diagonals of the indentation, as illustrated in Figure 4-2.  
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Figure 4-1: CLEMEX Microhardness tester, model SMT-X7 Dual Indenter. 

 

Table 4-1: A summary of hardness test specifications 

Sample surface finish   Up to 0.06 μm final polish 

Environment Room temperature  

Indentation force 500 gf 

Indenter dwell time 10 seconds 

 

 
Figure 4-2: Diagonal lengths of an indentation. 
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The measurements of HRC hardness of the bulk alloy specimens were conducted on a 

portable Rockwell Hardness Tester, as shown in Figure 4-3.  

 
Figure 4-3: A portable Rockwell Hardness tester. 

 

4.1.2 Hardness results 

To confirm the repeatability of hardness testing results, about 10 measurements were made 

on each alloy specimen. The average hardness results are illustrated in Figure 4-4. Comparing 

different manufacturing processes, the hardness of SPS Stellite 6 is 26.3 HV higher than PTA one, 

while HE6 (45 μm) specimens are very similar in hardness. Cross-comparing the two alloy grades, 

Stellite 6 from both PTA and SPS process is harder than HE6. In terms of powder size, HE6 

specimen (150 μm) exhibits a slightly higher hardness than HE6 specimen (45 μm) in the SPS 

group.  
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Figure 4-4: Vickers Hardness test results of bulk alloy specimens. 

 

The results of Rockwell Hardness test are presented in Figure 4-5, which comply with the 

Vickers hardness test results. From both micro and macro hardness tests,  it is noticed that, for 

Stellite 6 alloy, the specimen processed via SPS has evidently higher hardness than the PTA 

specimen. This may be attributed to the precipitation of W2C carbide in the microstructure during 

the SPS process.  

 
Figure 4-5: Rockwell Hardness test results of bulk alloy specimens. 
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4.2 Wear Test  

4.2.1 Dry-sliding wear testing facilities  

Dry-sliding wear test method was used to investigate the wear behavior of Stellite 6 and 

HE6 bulk material. The pin-on-disc wear test following ASTM G99 – 17 Standard [62] was chosen 

to evaluate the wear resistance and friction coefficient of the bulk alloy specimens.  

The wear test was executed using a NEO-TRIBO model MPW110 pin-on-disc wear test 

system, as shown in Figure 4-6 (a). This method involves a ball-shaped pin mounted on an upper 

cylindrical holder that revolves around the center, which results in sliding wear occurring on the 

lower disc-shaped specimen. Therefore, the ball and disc form a friction pair. Figure 4-6 (b) 

illustrates the friction pair positioning. A fixed axial load is applied to the specimen. A 

counterweight is applied vertically and attained through a 1:10 lever. A force sensor is equipped 

to record the friction force at the load-cell in real time, and later it can be used to calculate the 

friction coefficient of the specimen surface. All the alloy specimens were evaluated at room 

temperature in dry sliding (unlubricated) mode.  

 
                                               (a)                                                                (b) 

Figure 4-6: Pin-on-disc tribometer: (a) system assembly, (b) detailed specimen positioning. 
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A schematic drawing of the working principle of the pin-on-disc machine is shown in 

Figure 4-7 [90]. The real-time friction force at load-cell (𝐹𝐿) is monitored and recorded by the 

machine software automatically. Hence, using Equation 4.1 to 4.3, the result of the friction 

coefficient on the specimen surface can be obtained. 

 

Figure 4-7: Load sensor setup. 

 

𝑟𝑇 × 𝐹𝐹 = 𝑟𝐿 × 𝐹𝐿                                                           4-1 

𝜇 =
𝐹𝐹

𝐶𝐿
                                                                        4-2 

𝜇 =
𝐹𝐿×𝑟𝐿

𝐶𝐿×𝑟𝑇
                                                                    4-3 

 

The pin used in this research was a spherical 5 mm diameter ball made of silicon nitride 

(Si3N4) with a hardness of 1800 HV. Because of the much higher hardness of the ball than the 

specimen materials (Stellite 6 and HE6), only the wear of the disc specimen was considered in the 
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friction pair. The mounted specimen was placed on a detachable tray and fixed to the wear device 

with screws. As a result of sliding, a wear track was eventually generated on the surface of the 

disc, as shown in Figure 4-8.   

 
Figure 4-8: A mounted disc specimen after sliding wear. 

 

4.2.2 Wear test parameters 

For the wear testing, the specimen surface was prepared by polishing with sandpaper up to 

400 grit followed by 15 minutes of ultrasonic cleaning to achieve a roughness of 0.8 μm arithmetic 

average or less, according to the ASTM standard G99 – 17 [62]. To investigate the wear behavior 

of the bulk alloys, several variables need to be selected, such as time/duration, applied force load, 

and rotational speed, etc. After reviewing previous research about Stellite alloys [23], [65], [91]–

[93], the test parameters for this research were selected as given in Table 4-2. Three repeated tests 

were conducted to confirm the reputability on each specimen, and then an average wear volume 

loss was taken for each alloy specimen. 
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Table 4-2: A summary of wear test parameters. 

Parameter Value 

Test duration/time 2 hours 

Data collection interval 

100 data points were collected for 1 second at 

the beginning of the test. Then, a user setting of 

1 Hz was used. 

Load  15 N  

Rotational speed 50 rpm 

Wear track radius 5 mm 

Test environment Room temperature  

 

 

4.2.3 Wear evaluation 

4.2.3.1 Wear volume loss 

To depict the cross-sectional profile of the wear track in the worn surface of the alloy 

specimen, a 2D profilometer, Dektak 150 Surface Profiler, shown in Figure 4-9, was employed. 

The measuring mechanism is that a needle-shaped probe lightly touches the surface of the worn 

surface and scans in one direction to depict the topography on the tracking path. For the wear test, 

therefore, the topography obtained is valley-shaped. An example of the cross-sectional profile of 

the wear track is illustrated in Figure 4-10, where the valley-shaped profile represents a measured 

cross-sectional area (mm2) of the wear track, so that the volume (mm3) of the entire wear track can 

be estimated by multiplying the perimeter (mm) of the wear track by the measured cross-sectional 

area (mm2).  
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Figure 4-9: Dektak 150 2D surface profiler. 

 

 
Figure 4-10: An example of cross-sectional profile of wear track from the 2D profiler. 

 

Wear trails are not perfectly uniform due to the nature of material wear. To estimate the 

wear volume loss as accurately as possible, the cross-section profile was simulated at four locations 
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on each wear track using the 2D profiler, as illustrated in Figure 4-11, and then an average value 

of wear track volume was obtained as the wear loss of the material. 

  
Figure 4-11: Illustration of four measuring locations on a wear track. 

 

Some selected worn specimens are photographically shown in Figure 4-12 to compare 

visual differences in wear track. For the PTA specimens, PTA Stellite 6 shows a narrower, 

shallower, and smoother wear band, compared to PTA HE6 specimen, which suggests that the 

former has less volume loss than the latter. It is also noticed that all the HE6 specimens exhibit a 

“worm-like” texture of wear track, along with macroscopic black oxidation patches, as seen in 

Figure 4-12 (b),(d), and (e). For the SPS specimens, similar characteristics of wear tracks are 

observed. Two SPS HE6 specimens reveal a comparable wear tracks that are larger than that of 

SPS Stellite 6 specimen. For Stellite 6 alloys, two different fabrication methods show little 

influence on the wear loss by visual observation.  
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(a)                                         (b) 

 
 (c)                                            (d)                                              (e) 

Figure 4-12: Wear track of (a) PTA Stellite 6, (b) PTA HE6, (c) SPS Stellite 6, (d) SPS HE6 (45 

m), (e) SPS HE6 (150 m). 

 

The cross-sectional profiles of the wear tracks obtained with the 2D profiler are illustrated 

in Figure 4-13. The profiles reflect a varying degree of width, and associated depth changes on the 

valley-shaped curves. In general, the wear tracks of the HE6 specimens are much larger than that 

of the Stellite 6 specimens, which indicate that Stellite 6 has less wear loss than HE6. Comparing 

the two processing methods, there is no notable difference between the same grade specimens, 

from the perspective of wear track shape and size. It is clearly shown that Stellite 6 has better wear 

performance under unlubricated wear condition.  
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Figure 4-13: Comparison of the cross-sectional profiles of wear tracks between tested alloys. 

 

The average wear volume loss of each alloy specimen was calculated from the wear track 

profile and the obtained wear loss results are illustrated in Figure 4-14. The volume losses between 

the two alloy grades demonstrate a significant difference, i.e., HE6 has about an order of magnitude 

higher loss than Stellite 6 from either manufacturing process. Between the two processing methods, 

from the average wear loss values, PTA produced the bulk specimens with better wear resistance 

than SPS, but the testing data scattering (error bars) should also be taken into account. Thus, it is 

hard to define distinct differences in wear loss between the materials from the two manufacturing 

processes. Similarly, for the particle size influence on the wear behavior of HE6, although on 

average the specimen from larger-size powder exhibited better wear resistance, if the testing errors 

are also considered, it can be suggested that SPS HE6 specimens have similar wear resistance. In 



 102 

other words, the particle size of the initial powder has little effect on the SPS specimens with 

respect to wear resistance. 

 
Figure 4-14: Wear volume losses of tested alloys at 50 rpm under 15 N for 2 hour dry sliding.   

  

4.2.3.2 Friction coefficient  

Friction coefficient is one of the parameters that characterize wear behavior of a friction 

pair. It is defined as a ratio of friction force to the normal force that is applied to the contacting 

surface (Equation 4.2). It reflects the roughness of the contacting surfaces, with rougher surfaces 

tending to have a larger friction value. In the present study, friction forces were automatically 

recorded by the pin-on-disc wear tester software during sliding wear tests, and the corresponding 

friction coefficients were then calculated.  

The friction coefficients in real-time for the alloy specimens are illustrated in Figure 4-15. 

Overall, the Stellite 6 specimens have a smaller friction coefficient, compared with the HE6 
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specimens, which corresponds to the wear loss results showing superior wear performance of 

Stellite 6 to HE6. For the same grade alloy processed via PTA and SPS, respectively, there is no 

obvious difference in the friction coefficient curves at a stable state. Moreover, the difference in 

powder size does not affect the trend of friction coefficient for HE6 alloy by comparing the SPS 

HE6 (45 μm) and SPS HE6 (150 μm) specimens. 

 
Figure 4-15: Friction coefficient versus sliding distance. 

 

The average values of friction coefficient for the tested specimens are presented in Figure 

4-16. Evidently, HE6 specimens have much higher values of friction coefficient than Stellite 6 

from either processing method. However, for the same grade alloy processed via different 

approaches, the SPS specimens show slightly lower friction than the PTA ones. Meanwhile, for 

SPS HE6 specimens, the one from larger-size powder has a slightly larger value of friction 
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coefficient than that from smaller-size powder. Considering the individual difference of each 

specimen, the difference in friction coefficient between the two SPS HE6 specimens is negligible.  

 
Figure 4-16: Average friction coefficients of tested alloys. 

 

4.2.3.3 Worn surface  

To better understand the wear behavior of Stellite 6 and HE6, SEM and EDX were 

employed to examine the worn surfaces of the alloy specimens. The obtained images of worn 

surface morphology are presented in Figure 4-17 to Figure 4-23. Both secondary electron (SE) and 

backscattered electron (BSE) imaging modes were used in the SEM/EDX analyses. Due to the 

different mechanism of imaging principles, SE can better form an image reflecting the three-

dimensional topography, while BSE is more preferred in elemental analysis. Moreover, from 

previous research [7], bright area in the SE mode usually associates with oxidized parts because 

electrons concentrate on the parts which are not conductive and reveal the brightness in SE imaging.  
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Figure 4-17 to Figure 4-20 present the worn surface morphologies of Stellite 6 specimens 

processed via PTA and SPS, which are characterized by both abrasive and adhesive wear 

mechanisms. Scratches or scars (ploughing) are found on the wear track of both specimens. Also, 

material deformation and oxidation had occurred in the surfaces during the wear tests. The red 

circles (Figure 4-17 c) mark the oxidized areas caused by friction heat during the wear process. 

According to the surface morphologies in Figure 4-18 b and c, SPS Stellite 6 has smaller wear 

chips than PTA Stellite 6 which shows larger bulk material chipped off. The morphology of the 

wear track in PTA Stellite 6 surface is featured by constant oxidation and deformation. Compared 

with PTA Stellite 6 specimen surface, SPS Stellite 6 specimen surface shows slightly shallower 

wear scars (Figure 4-18 c) although oxidation and deformation are also the main wear mechanism 

of this alloy. 

 
                           (a)                                             (b)                                             (c)    

Figure 4-17: SE image of worn surface of PTA Stellite 6 at (a) low magnification, (b) medium 

magnification, (c) high magnification. 
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                          (a)                                              (b)                                              (c)    

Figure 4-18: SE image of worn surface of SPS Stellite 6 at (a) low magnification, (b) medium 

magnification, (c) high magnification. 

 

Figure 4-19 and Figure 4-20 further display the worn surface morphologies of the Stellite 

6 specimens with BSE images to reveal the microstructure-related wear mechanism. In Figure 4-19, 

it seems that the carbides were oxidized much more than the solid solution phase on PTA Stellite 

6 surface during the wear test. Hence, the distinct segregation of different phases in terms of 

oxidation further developed pits and debris in the worn surface. Since SPS Stellite 6 surface has 

much finer carbide/intermetallic phases that are more homogeneously distributed than the carbide 

phase in PTA Stellite 6 surface, SPS Stellite 6 has smoother worn surface that may prevent 

disastrous surface degradation in longer wear.     
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Figure 4-19: SE and BSE images of wear track of PTA Stellite 6. 

 

  
Figure 4-20: SE and BSE images of wear track of SPS Stellite 6. 

 

According to the worn surface morphologies in Figure 4-21 to Figure 4-23, severe plastic 

deformations had occurred in the surface of HE6 specimens during the wear tests, accompanied 

by a certain degree of oxidation, as highlighted with red circles in the images. The SE/BSE images 
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of HE6 worn surfaces are presented in Figure 4-24 to Figure 4-26. For PTA HE6 surface, the 

carbides/intermetallics were drastically damaged under the wear test. Not only the eutectics but 

also the solid solution were deformed and chipped off. Similar behavior was found in the worn 

surfaces of SPS HE6 (45 m) and SPS HE6 (150 m) specimens even though they have 

carbides/intermetallics in different ratios and morphologies in comparison with PTA HE6.  

Compared with Stellite 6, HE6 surfaces obviously experienced more severe damage. 

Worm-like contours around the periphery of the wear track were generated in the HE6 surfaces 

during the wear tests, which were characterized by apparent narrowing and widening regions 

having varying depth. This behavior was likely attributed to some of the oxidized debris stuck in 

the wear tracks, which was pushed by the wearing ball. The hard build-ups of oxides in the wear 

track were regarded as pads making the Si3N4 ball move up and down. Then, a certain morphology 

of the wear track was formed. 

 
                           (a)                                             (b)                                            (c)    

Figure 4-21: SE image of worn surface of PTA HE6 at (a) low magnification, (b) medium 

magnification, (c) high magnification. 
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                        (a)                                                (b)                                              (c)    

Figure 4-22: SE image of worn surface of SPS HE6 (45 m) at (a) low magnification, (b) 

medium magnification, (c) high magnification. 

 

 
                         (a)                                               (b)                                               (c)    

Figure 4-23: SE image of worn surface of SPS HE6 (150 m) at (a) low magnification, (b) 

medium magnification, (c) high magnification. 
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Figure 4-24: SE and BSE images of wear track of PTA HE6. 

 

 
Figure 4-25: SE and BSE images of wear track of SPS HE6 (45 m). 
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Figure 4-26: SE and BSE images of wear track of SPS HE6 (150 m). 

 

 

4.2.3.4 Wear coefficient 

In the present study, another well-recognized parameter that estimates the degree of 

material wear in the industry is wear coefficient. When a wear process starts, there is a breaking-

in stage for a worn pair which is regarded as an unsteady state. It is difficult to measure or predict 

the wear performance in this stage. However, once the wear system reaches a steady state, the wear 

coefficient can be utilized to analyze the wear performance of materials in a wear test. In this 

research, the wear coefficient per unit sliding distance was calculated by the Archard Equation 

[93]: 

𝐾 =
𝑤𝐻

𝑃
                                                                  4-4 

where K refers to the wear coefficient, 𝑤 is the wear volume loss per distance (mm3/m), 𝐻 

is the hardness of the material (HRC) and 𝑃 is the applied load (N).  
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In terms of wear coefficient, an approximate scale can be used to compare numerous 

materials in wear resistance. From the results of wear coefficient for tested alloys, Stellite 6 alloy 

tends to have lower wear coefficient compared to HE6 in the wear test, no matter which processing 

method was used to create the bulk specimens. This is in full agreement with the wear loss results 

and proves the consistency of the wear coefficient and wear volume loss. Comparing the effect of 

the processing method on the wear of the same material, the wear coefficient of SPS specimen is 

slightly higher than that of PTA one, which implies that the SPS specimen tends to have more 

wear loss. The wear coefficient results are consistent with the wear loss results. The influence of 

the initial powder size on the wear performance of SPS HE6 specimens is also reflected in Figure 

4-27. SPS HE6 specimen from larger-size powder has a smaller wear coefficient, but considering 

its larger standard deviation range, the two SPS specimens are still at the same level of wear 

coefficient. However, in general, the alloying powder with smaller particle size produced better 

quality assurance. 

 
Figure 4-27: Wear coefficients of tested alloys. 
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4.3 Corrosion Test  

The corrosion behavior of PTA specimens of Stellite 6 and HE6 was investigated in 

different media, such as 3.5% NaCl, 2% HCl and 10% H2SO4 (in weight), using electrochemical 

test and immersion test. Electrochemical testing is an analytical chemistry method through 

measuring the potential and current of an electrochemical system. By applying a voltage on a 

material specimen, the corrosion rate can be accelerated, hence, the corrosion behavior of the 

material can be characterized and analyzed in a fast manner. Electrochemical Impedance 

Spectroscopy (EIS) and polarization belong to this category. EIS is a technique utilized in a static 

state, i.e., a very small fixed AC amplitude (often 10 mV) is applied. It provides information about 

the surface oxide layer of a specimen by measuring the response to the applied alternating current 

(AC) power on the specimen surface. In contrast, polarization measures the current density change 

within a changing voltage scanning range that is powered by direct current (DC). Since the DC 

power of polarization is often high enough to destroy the specimen surface, polarization is 

considered as a destructive method, while EIS is categorized as a non-destructive technique. 

Several parameters measured during polarization test are used to characterize general and localized 

corrosion behavior of the material, such as corrosion potential (𝐸𝑐𝑜𝑟𝑟), current density (𝐼𝑐𝑜𝑟𝑟) and 

polarization resistance (𝑅𝑝), etc.  

Immersion test is a conventional method that simply soaks the material specimen in the 

desired chemical solution for a period of time, which can simulate the real working environment 

corrosion to some extent. The parameters, such as the concentration of the chemical solution, 

temperature, immersion duration, and so on, often affect the test results and should be carefully 

selected. Moreover, SEM is also employed to assist the understanding of the corrosion mechanisms 

of the tested material. 
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4.3.1 Electrochemical corrosion tests  

Cyclic potentiodynamic polarization and EIS methods were used on PTA Stellte 6 and PTA 

HE6 specimens in three different chemical solutions, which were 3.5% NaCl, 2% HCl, and 10% 

H2SO4 (in weight). 

4.3.1.1 Specimen and solution preparation 

The surfaces of PTA Stellite 6 and PTA HE6 specimens were polished through a series of 

sandpapers and suspensions to reach the requirements of electrochemical tests, according to ASTM 

Standard G59 – 97 [94]. Then, the surfaces were cleaned with an ultrasonic cleaner for 15 minutes.  

Aqueous saline (3.5% NaCl), hydrochloric acid (2% HCl), sulfuric acid (10% H2SO4) were 

prepared as the electrochemical agents. 500 ml solution was diluted from high concentration 

chemical agents, i.e., 99.9% sodium chloride crystal powder, 37% hydrochloric acid, and 98% 

sulfuric acid, respectively; 17.5 g NaCl crystal powder, 57 ml 37% HCl, and 30 ml 98% H2SO4 

were diluted with distilled water to achieve the specific concentration for each solution. 

4.3.1.2 Testing systems  

For the electrochemical tests, ASTM Standard G3-14 [95] and ASTM Standard G5-14 [96] 

were complied. A Solartron 1287A potentiostat (including waveform generator) and 1255B 

Frequency Response Analyzer, together with K0235 flat cell, were employed. The potentiostat 

provided direct voltage and worked for the cyclic potentiodynamic tests. The frequency response 

analyzer can provide alternative voltage and then measure the response with respect to the 

sinusoidal excitation signal [75], which can be coupled with the Potentiostat for the EIS test. The 

electrochemical testing system is shown in Figure 4-28. CorrWare® and CView™software 
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packages were bundled to execute cyclic potentiodynamic tests. EIS was conducted using Zplot 

and Zview software packages. 

A three-electrode mode was used in this study: a working electrode (WE) that was directly 

attached to the testing specimen, a counter electrode (CE) which was made of graphite, and a 

reference electrode (RE) which was saturated calomel electrode (SCE) type, as shown in Figure 

4-28 (b). A schematic diagram of the corrosion cell is illustrated in Figure 4-29 [97] to better 

demonstrate the test setup.  

 

         
                                 (a)                                                                     (b) 

Figure 4-28: Electrochemical corrosion system setup: (a) control system, (b) K0235 flat 

corrosion cell. 
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Figure 4-29: Schematic diagram of the electrochemical cell in a 3.5 wt.% NaCl corrosion test 

[97]. 

 

Before applying any power voltages on the specimen, open circuit potential (OCP) was 

firstly monitored for one hour to achieve a quasi-static state. Then EIS was conducted on the 

specimen, with the frequency starting from 1E6 Hz to 0.01Hz [88].  Finally, the cyclic polarization 

scan was performed from -0.5 V to 1.2 V and back to -0.5 V at a scan rate of 0.1667 mV/s. These 

scan ranges were determined according to ASTM Standard G5 [96], G59 [94], G102 [74] and 

previous studies in corrosion test [88][98].  

4.3.1.3 Open circuit potential 

Determination of OCP is regarded as the standard procedure of the electrochemical system 

for two purposes. One is to stabilize the electrochemical system that allows the specimen to reach 

a quasi-equilibrium in a specific chemical solution. The other is that the quasi-static OCP value 

can be used to determine the starting potential of the polarization test. Figure 4-30 shows the OCP 

for Stellite 6 and HE6 specimens in different chemical solutions. According to ASTM Standard 

G3 and G5, the lower limit of the scan range has to be -0.3 V lower than the OCP, and the higher 
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limit should be 1 V higher than it. From the one-hour OCP results, the values of quasi-static 

potential for all specimens were in a range of -0.1 to -0.35 V, a very small fluctuation. Thus, for 

all polarization tests, the starting point of potential was set to -0.5 V and the higher limit was 1.2 

V.  

In addition, based on previous research [98], quasi-static OCP values may provide a sort 

of intuitive sign for the potentiodynamic corrosion performance of the specimen. From the 

perspective of thermodynamics, a more positive value of OCP reflects a smaller difference 

between the equilibrium potential of the cathode and anode reactions, as well as a lower corrosion 

rate. By comparing the OCP values, PTA Stellite 6 tends to have a slightly better performance in 

3.5% NaCl and 2% HCl solutions since it has a relatively higher OCP than that of PTA HE6. While 

in a 10% H2SO4 solution, HE6 might have better resistance to corrosion. However, the 

potentiodynamic testing cannot be substituted by OCP testing since it simulates much more 

complex situations than quasi-static OCP values reflect.  

 
        (a) 
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     (b) 

 
       (c) 

Figure 4-30: OCP curves of alloy specimens in (a) 3.5% NaCl, (b) 2% HCl, (c) 10% H2SO4 

solution. 
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4.3.1.4 EIS results and analyses 

Nyquist plot is often used to analyze the EIS data. As mentioned in Chapter 2, it can show 

the presence and integrity of resistive or passive films on the alloy surface. To better understand 

the plot, an equivalent circuit is often used to fit the impedance curve. The resistor 𝑅, inductor 𝐿 

and capacitor 𝐶  are three common electrical elements equipped in the equivalent circuit. The 

impedance of the resistor is independent of the frequency; the impedance of the capacitor decreases 

when the frequency rises; the impedance of the inductor increases with the frequency rising. 

Additionally, the constant phase element (CPE) is employed as a substitute for the capacitor when 

the exposed surface is rough. The expressions of the electric elements are given in Equation 4.5 to 

4.8.  

For resistor:                                             𝑍 = 𝑅, 𝑍′ = 𝑅, 𝑍′′ = 0                                                         4.5 

For inductor:                                         𝑍 = 𝑖𝜔𝐿, 𝑍′ = 0, 𝑍′′ = 𝜔𝐿                                                      4.6 

For capacitor:                                        𝑍 =
1

𝑖𝜔𝐶
, 𝑍′ = 0, 𝑍′′ =

1

𝜔𝐶
                                                       4.7 

For CPE:                                             Z =
1

(𝑖𝜔)𝛼𝑌0
, 𝑍′ = 𝑅, 𝑍′′ =

1

𝜔𝛼𝑌0
                                                 4.8 

where 𝜔 refers to the frequency, 𝛼 is the exponent varying from 0.5 to 1 and 𝑌0 represents 

the correction of capacity. When 𝛼 equals 1, the CPE is identical to the capacitor. In the real test, 

a CPE is usually selected since this element can better depict the actual circumstance of the test 

and the values of α and 𝑌0 can be calculated with the EIS software.  

 A simplified Randles circuit consists of the solution resistance (𝑅𝑠), CPE, and resistance 

of the protective film (𝑅𝑓) was employed in this study. This model is widely used as an initial point 

for other complex models [99] and is shown in Figure 4-31, which emphasizes the function of 𝑅𝑓, 
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representing the resistance level of the surface protective layer. Three specimens of each alloy 

were tested in 3.5 % NaCl, 2% HCl and 10% H2SO4 solutions, respectively. The equivalent circuit 

in Figure 4-31 was chosen to fit the EIS data.  

 
Figure 4-31: Simplified Randles circuit. 

 

The EIS fitting results for PTA Stellite 6 and PTA HE6 are presented in the Nyquist plots 

shown in Figure 4-32 and Figure 4-33, respectively, with the fitted parameters are summarized in 

Table 4-3. 

 
Figure 4-32: Nyquist plot of PTA Stellite 6 tested in 3.5% NaCl solution. 
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Figure 4-33: Nyquist plot of PTA HE6 tested in 3.5% NaCl solution. 
 

Table 4-3: EIS results of the tests in 3.5% NaCl solution fitted from the equivalent circuit. 

Alloy 10-6 × 𝒀𝟎 (𝛀−𝟏𝑺𝜶) 𝜶 𝑹𝒇 (k𝛀 ∙ 𝐜𝐦𝟐) 𝑹𝒔 (k𝛀 ∙ 𝐜𝐦𝟐) 

PTA Stellite 6 31.63±3.57 0.87±0.03 2.37E+05±4.78E+04 15.61±0.25 

PTA HE6 47.82±11.78 0.83±0.07 0.49E+05±1.95E+04 15.65±0.53 

 

From Figure 4-32 and Figure 4-33, for both PTA Stellite 6 and PTA HE6, the fitting curves 

(solid) coincide well with the testing data (point) indicating that the equivalent circuit is 

appropriate for the present EIS tests. However, apparent scatters in three repeated tests indicate 

the testing errors among the specimens of the same alloy grade.  From Table 4-3, the values of 𝑌0, 

α and 𝑅𝑠 of Stellite 6 and HE6 are close, which reveals the similar corrosion mechanism of the 

alloys. However, the large difference in  𝑅𝑓 value implies that  the corrosion resistance of the two 

alloys differs greatly and Stellite 6 is better in 3.5% NaCl environment.  

The EIS test results of PTA Stellite 6 and PTA HE6 in HCl solution are presented in Figure 

4-34 and Figure 4-35, with the calculated parameters reported in Table 4-4. According to the values 
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of the parameters, it can be suggested that Stellite 6 has better corrosion resistance in 2% HCl 

environment because this alloy has lower capacitance ( 𝑌0) and larger resistance of the film (𝑅𝑓).  

 
Figure 4-34: Nyquist plot of PTA Stellite 6 tested in 2% HCl solution. 

 

 
Figure 4-35: Nyquist plot of PTA HE6 tested in 2% HCl solution. 
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Table 4-4: EIS results of the tests in 2% HCl solution fitted from the equivalent circuit. 

Alloy 10-6 × 𝒀𝟎 (𝛀−𝟏𝑺𝒏) 𝜶 𝑹𝒇 (k𝛀 ∙ 𝐜𝐦𝟐) 𝑹𝒔 (k𝛀 ∙ 𝐜𝐦𝟐) 

PTA Stellite 6 66.59±23.03 0.85±0.06 2.75E+03±3.14E+02 5.52±0.22 

PTA HE6 333.10±134.80 0.84±0.05 0.67E+03±0.53E+02 5.09±0.13 

 

The EIS test results of PTA Stellite 6 and PTA HE6 in H2SO4 solution are presented in 

Figure 4-34 and Figure 4-35, with the calculated parameters reported in Table 4-5. A similar 

conclusion can be drawn that Stellite 6 performed better in H2SO4 solution because of larger 𝑅𝑓 

value. 

 

 
Figure 4-36: Nyquist plot of PTA Stellite 6 tested in 10% H2SO4 solution. 
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Figure 4-37: Nyquist plot of PTA HE6 tested in 10% H2SO4 solution. 

 

Table 4-5: EIS results of the tests in 10% H2SO4 solution fitted from the equivalent circuit. 

Alloy 10-6 × 𝒀𝟎 (𝛀−𝟏𝑺𝒏) 𝜶 𝑹𝒇 (k𝛀 ∙ 𝐜𝐦𝟐) 𝑹𝒔 (k𝛀 ∙ 𝐜𝐦𝟐) 

PTA Stellite 6 60.90±7.85 0.87±0.02 1.48E+03±2.81E+02 3.79±0.91 

PTA HE6 450.10±108.01 0.87±0.03 0.75E+03±1.08E+02 3.05±0.81 

 

For comparison, the 𝑅𝑓 values of the alloys tested in the three media are illustrated on the 

logarithmic scale in Figure 4-38. It is clear that both alloys were more resistant to 3.5% NaCl 

solution, but they both behaved similarly in the other solutions. Between the two alloys, Stellite 6 

performed better in all solutions. Moreover, EIS results are generally very sensitive to test 

conditions, for example, specimen surfaces may affect the electrochemical process even if the 

surfaces are polished with the same sandpapers. In this study,  pH variation of the electrolyte was 

not monitored during the EIS test, which may contribute to the scatter of the results.   
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Figure 4-38: Comparison of 𝑅𝑓 value from EIS tests. 

 

4.3.1.5 Cyclic polarization curves  

Cyclic polarization test was conducted on PTA Stellite 6 and PTA HE6 specimens in 3.5% 

NaCl, 2% HCl and 10% H2SO4 solutions. Three repeated tests were performed on each alloy in 

each solution to verify the repeatability of the results. For the polarization curve analysis, the X-

axis refers to the logarithmic value of current density which is the absolute value of the ratio of 

current to the exposed surface area (a circle with a diameter of 10 mm, as shown in Figure 4-39). 

The Y-axis refers to a relative scale that represents applied potential voltage vs. SCE. 
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Figure 4-39: Corrosion test specimen showing the exposed area to the electrolyte. 

 

All curves of the cyclic polarization tests were analyzed using CView™ software. The 

corrosion parameters such as corrosion potential (𝐸𝑐𝑜𝑟𝑟), current density (𝐼𝑐𝑜𝑟𝑟) , anodic Tafel 

slope (𝛽𝑎), cathodic Tafel slope (𝛽𝑐) and corrosion rate (CR) were obtained directly from the 

software. Then polarization resistance (𝑅𝑝) can be calculated through the Tafel Equation [94]. 

The cyclic polarization curves from three tests of PTA Stellite 6 and PTA HE6 alloys in 

3.5% NaCl solution are presented in Figure 4-40 and Figure 4-41, respectively. In general, the 

cyclic polarization test exhibited good repeatability, in particular, for HE6 specimens. Certainly, 

some deviations are observed on the curves of both alloys, especially in the reverse scan on Stellite 

6 specimens, as shown in Figure 4-40, which implies that these specimens have different resistance 

to localized corrosion. Generally, backward scans are more scattered than the forward scans, 

because the specimen surface has already been corroded during the forward scanning thus leaving 

the surfaces in various conditions. According to the cyclic polarization curves in Figure 4-40 and 

Figure 4-41, despite the scatters in backward scans, good repeatability is verified for both alloys. 

The average values of corrosion parameters obtained from the curves are summarized in Table 4-6. 
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Figure 4-40: Cyclic polarization curves of PTA Stellite 6 alloy tested in 3.5% NaCl. 

 

 
Figure 4-41: Cyclic polarization curves of PTA HE6 alloy tested in 3.5% NaCl. 
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For comparison, one cyclic polarization curve of each alloy is plotted together in Figure 

4-42. It is shown that PTA Stellite 6 has higher corrosion potential (-0.21 V) than PTA HE6 (-0.25 

V) and a lower corrosion rate (7.39E-08 vs. 6.66E-07 mm/yr). This indicates that PTA Stellite 6 

has better general corrosion resistance in 3.5% NaCl environment. For both alloys, as the potential 

was continuously raised, the slope dramatically increased, leading to the formation of a passive 

region. A large passive region suggests the formation of oxide film on the specimen surface that 

has a great potential to slow the corrosion rate. Generally speaking, the larger the passive region, 

the better anti-corrosion ability the alloy possesses. From Figure 4-42, PTA Stellite 6 has a larger 

passive region in the potential range from 0.0 to 0.6 V vs. SCE, while  PTA HE6 has the range 

from 0.0 to 0.2 V vs. SCE. When the scanning potential exceeded the upper limit of the passive 

zone, the current started to rise again, as a result of the oxide film broken down, which can speed 

up the corrosion. It can also be inferred that the protective film was destroyed at that turning point. 

PTA Stellite 6 tended to obtain a second passive region because the slope became large again 

around 1.0 V. However, for PTA HE6, a second passive region occurred when the scanning voltage 

exceeded 0.4 V, as marked in Figure 4-42, suggesting the repair of the oxide film on the specimen 

surface during the corrosion process.  

Combining the forward and reverse scans constitute a hysteresis loop. If the reverse curve 

lays on the left side of the forward one, it is defined as electropositive, otherwise, it is 

electronegative. Electropositive infers better resistance to localized (pitting) corrosion due to lower 

current density during the reverse scan.  

As shown in Figure 4-42, PTA Stellite 6 demonstrates a small degree of electronegative 

behavior during the whole reverse scanning, which indicates that the alloy has little pitting 



 129 

resistance in 3.5% NaCl, while the PTA HE6 exhibits electropositive at the beginning of the 

reverse scan, indicating good anti-pitting ability. However, it is also noted that the reverse scan 

curve of PTA HE6 later turns to a large degree of electronegative, meaning that severe corrosion 

had happened on this alloy.  

  
Figure 4-42: Comparison of polarization behavior between PTA Stellite 6 and PTA HE6 in 

3.5% NaCl solution. 
 

Table 4-6:  Summary of polarization test results of the alloys in 3.5% NaCl solution. 

Specimen 
PTA Stellite 6 PTA HE6 

Test 1 Test 2 Test 3 Average Test 1 Test 2 Test 3 Average 

𝑬𝒄𝒐𝒓𝒓 

(𝐕 𝐯𝐬. 𝐒𝐂𝐄) 
-0.24 -0.17 -0.23 -0.21±0.03 -0.23 -0.27 -0.25 -0.25±0.02 

𝑰𝒄𝒐𝒓𝒓 

(𝛍𝐀/𝐜𝐦𝟐) 
0.05 0.07 0.06 0.06±0.01 0.51 0.39 0.81 0.57±0.18 

CR 

(𝐦𝐦/𝐲𝐫) 
5.97E-08 9.04E-08 7.14E-08 

7.39E-08 

±1.27E-08 
5.98E-07 4.56E-07 9.44E-07 

6.66E-07 

±2.05E-07 

𝑹𝒑 

(𝐤𝛀 ∙ 𝐜𝐦𝟐) 
360.93 423.40 209.71 331.35±89.71 68.24 58.65 59.49 62.13±4.34 
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The cyclic polarization curves of PTA Stellite 6 and PTA HE6 alloy tested in 2% HCl 

solution are presented in Figure 4-43 and Figure 4-44, respectively. As the same, the repeatability 

from three tests is verified for both alloys.  

 
Figure 4-43: Cyclic polarization curves of PTA Stellite 6 alloy tested in 2% HCl solution. 

 

 
Figure 4-44: Cyclic polarization curves of PTA HE6 alloy tested in 2% HCl solution. 
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Similarly, one curve of each alloy was chosen to present together in Figure 4-45 for 

comparison and the values of corrosion parameters are summarized in Table 4-7. As shown, PTA 

Stellite 6 has higher 𝐸𝑐𝑜𝑟𝑟 (-0.22 V) in comparison with PTA HE6 (-0.27 V), along with lower 

𝐼𝑐𝑜𝑟𝑟 (20.31 vs. 79.94 μA/cm2) and smaller value of CR (2.56E-05 vs. 9.34E-05 mm/yr), which 

suggests that PTA Stellite 6 generally performed better in 2% HCl environment. For both alloys, 

there is an apparent passive region on cyclic polarization curves, indicating the oxidation ability 

of the alloys. The passive regions of the two alloys are comparable because of the similar potential 

ranges.  

Regarding the hysteresis loop, PTA Stellite 6 shows a little electronegative behavior at the 

beginning of the reverse scan and turns to slightly electropositive later on. It is suggested that 

Stellite 6 has some ability to resist pitting corrosion in 2% HCl. For PTA HE6 the backward 

polarization curve shows electropositive in the initial stage of the reverse scan, which suggests 

relatively good pitting corrosion resistance of this alloy, but the polarization behavior converts to 

electronegative 0.3 V, which is regarded as pitting resistance decay.  
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Figure 4-45: Comparison of cyclic polarization behavior between PTA Stellite 6 and PTA HE6 

in 2% HCl solution. 

 

Table 4-7: Summary of polarization test results of the alloys in 2% HCl solution. 

Specimen 
PTA Stellite 6 PTA HE6 

Test 1 Test 2 Test 3 Average Test 1 Test 2 Test 3 Average 

𝑬𝒄𝒐𝒓𝒓 

(𝐕 𝐯𝐬. 𝐒𝐂𝐄) 
-0.25 -0.19 -0.21 -0.22±0.02 -0.26 -0.30 -0.25 -0.27±0.02 

𝑰𝒄𝒐𝒓𝒓 

(𝛍𝐀/𝐜𝐦𝟐) 
15.31 15.25 30.38 20.31±7.12 28.94 178.90 31.99 79.94±69.98 

CR 

(𝐦𝐦/𝐲𝐫) 
1.93E-05 1.92E-05 3.83E-05 

2.56E-05 

±8.99E-06 
3.38E-07 1.09E-04 3.74E-05 

9.34E-05 

±3.47E-05 

𝑹𝒑 

(𝐤𝛀 ∙ 𝐜𝐦𝟐) 
3.67 3.94 2.18 3.26±0.77 1.15 0.44 1.16 0.92±0.34 

 

The cyclic polarization curves of PTA Stellite 6 and PTA HE6 alloy tested in 10% H2SO4 

solution are given in Figure 4-46 and Figure 4-47, respectively. In Figure 4-46 for PTA Stellite 6, 

Test 1 and Test 3 repeated each other well, but Test 2 demonstrated three peaks in the forward 

scan. The first peak of Test 2 coincided with the other two tests, which means that the three 

specimens of Stellite 6 had similar corrosion resistance initially. However, after the corrosion had 
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happened, there might be a deviation in the degree of corrosion on the surface between the 

specimens. Similar scenario is observed on PTA HE6, there are also multiple peaks occurring in 

the forward scan, showing that both alloys resist a strongly oxidizing environment in a similar 

manner by generating protective oxide films repeatedly during the polarization test.  

 
Figure 4-46: Cyclic polarization curves of PTA Stellite 6 alloy tested in 10% H2SO4. 
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Figure 4-47: Cyclic polarization curves of PTA HE6 alloy tested in 10% H2SO4. 

 

One curve of each alloy was taken to plot together in Figure 4-48 for comparison and the 

corrosion parameters obtained from all polarization curves are reported in Table 4-8. In general, 

the two alloys exhibited little difference in 10% H2SO4 solution because their polarization curves 

nearly overlap. On the backward curves, PTA HE6 shows electropositive behavior suggesting 

better pitting corrosion resistance.  
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Figure 4-48: Comparison of cyclic polarization behavior between PTA Stellite 6 and PTA HE6 

in 10% H2SO4 solution. 
 

Table 4-8: Summary of polarization test results of the alloys in 10% H2SO4 solution. 

Specimen 
PTA Stellite 6 PTA HE6 

Test 1 Test 2 Test 3 Average Test 1 Test 2 Test 3 Average 

𝑬𝒄𝒐𝒓𝒓 

(𝐕 𝐯𝐬. 𝐒𝐂𝐄) 
-0.30 -0.30 -0.26 -0.28±0.02 -0.24 -0.28 -0.25 -0.26±0.02 

𝑰𝒄𝒐𝒓𝒓 

(𝛍𝐀/𝐜𝐦𝟐) 
43.88 26.40 32.76 34.35±7.22 54.64 68.26 39.81 54.24±11.62 

CR 

(𝐦𝐦/𝐲𝐫) 
5.54E-05 3.33E-05 7.92E-05 

5.60E-05 

±1.87E-05 
6.39E-05 7.98E-05 4.65E-05 

6.34E-05 

±1.36E-05 

𝑹𝒑 

(𝐤𝛀 ∙ 𝐜𝐦𝟐) 
0.74 0.58 1.45 0.92±0.38 0.45 0.41 0.38 0.41±0.03 

 

The overall corrosion rates of PTA Stellite 6 and PTA HE6 in the polarization tests are 

illustrated on the logarithm scale in Figure 4-49. In summary, PTA Stellite 6 has a lower corrosion 

rate than PTA HE6 in all tested corrosive environments. The lowest corrosion rates for both alloys 
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were found in 3.5% NaCl solution. For Stellite 6, the highest corrosion rate occurred in 10% H2SO4 

environment, while for HE6 the highest corrosion rate occurred in 2% HCl solution.  

 
Figure 4-49: Corrosion rates of tested alloys in polarization tests.  

 

4.3.2 Immersion tests 

Immersion test was performed on PTA Stellite 6 and PTA HE6 alloys in hydrochloric acid 

(5% HCl) and sulfuric acid (10% H2SO4) for 24 and 72 hours, respectively, at room temperature.    

4.3.2.1 Specimen and solution preparation 

The surfaces of the PTA Stellite 6 and PTA HE6 specimens for immersion test were 

polished using a set of sandpapers to meet the requirements of ASTM Standard G31 − 12a [100], 

followed by ultrasonic cleaning for 15 minutes. Then, the mass (g) and geometrical dimensions of 

each specimen were measured.  
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In the immersion test, 5% HCl and 10% H2SO4 were selected as corrosive media. 500 ml 

solution was prepared for each test to assure sufficient reaction between the specimen and the 

agent. 57 ml 37% HCl or 30 ml 98% H2SO4 was diluted with distilled water to reach the set 

concentration.  

4.3.2.2 Experiment setup and procedure 

Following ASTM Standard G31 − 12a [100], a simplified setup of immersion test was 

employed in this study. A beaker covered with parafilm was used to execute the immersion test, 

as shown in Figure 4-50. The specimen was held on a plastic clip, as shown in Figure 4-51, to 

ensure the maximum surface exposure. Three specimens of each alloy were immersed in each 

batch, and the average value of the mass loss was obtained.  

     
Figure 4-50: Immersion test setup.  
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Figure 4-51: Alloy specimen held on a plastic clip. 

 

After each immersion test, the specimen was taken out from the beaker and cleaned with 

an ultrasonic cleaner for 15 minutes, followed by hot air drying. The mass of each tested specimen 

was measured again to obtain the mass change. Guided by ASTM Standard G31 − 12a, the 

corrosion rate of the specimen can be calculated by the following formula [100]:  

Corrosion rate = (𝐾 × 𝑊)/(𝐴 × 𝑇 × 𝐷)                                       (4.9) 

where 𝑊 is the mass loss in g, 𝐴 refers to the exposed area in cm2, 𝑇 is immersion time in hour 

and 𝐷 is the density in g/cm3. 𝐾 is a unit conversion constant. In this study, 𝐾 is 8.76 × 104 to 

obtain the unit of corrosion rate in mm/y. 

4.3.2.3 Immersion test results   

The immersion test results of PTA Stellite 6 and PTA HE6 at room temperature are 

reported in Table 4-9 and Figure 4-52. In 5% HCl solution, Stellite 6 had a higher corrosion rate 

than HE6 for both 24 and 72-hour testing durations, which means that Stellite 6 is less resistant to 

reducing environment. Additionally, the corrosion rate of Stellite 6 for 72 hour testing duration 

was almost twice higher than that for 24 hour duration, while HE6 maintained a similar level. 

Moreover, considering the larger data scattering of Stellite 6 for 72 hour testing duration, it can be 

inferred that some of the PTA Stellite 6 overlays may contain internal weld defects that were 
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deleterious to the corrosion performance of the specimen. In 10% H2SO4 solution, Stellite 6 

behaved well for 24 hour testing duration because of little corrosion loss, but with the test 

proceeding, the corrosion rate rose drastically — more than eighty times higher at 72 hours. For 

HE6, the corrosion rate did not change much with testing duration, and overall HE6 performed 

better than Stellite 6 in 10% H2SO4 solution according to the corrosion rate values. In summary, 

PTA HE6 had good weld quality due to its stable corrosion rate and very small standard deviation 

of corrosion rate in both reducing and oxidizing environments. 

Table 4-9: Corrosion rates (mm/y) of the alloys in immersion tests.  

 
5% HCl 10% H2SO4 

Test Ave. Test Ave. 

PTA 

Stellite 6 

24 h 

2.16 

2.13±0.05 

0.02 

0.02±0.003 2.06 0.02 

2.18 0.02 

72 h 

3.11 

3.86±1.02 

1.59 

1.67±0.09 5.29 1.63 

3.16 1.81 

PTA 

HE6 

24 h 

0.37 

0.39±0.03 

0.71 

0.61±0.11 0.43 0.68 

0.37 0.45 

72 h 

0.32 

0.28±0.03 

0.72 

0.72±0.03 0.25 0.75 

0.28 0.68 
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Figure 4-52: Corrosion rate variations with time of the alloys in immersion test. 

 

4.3.2.4 Morphology analysis of immersion-tested specimens 

To better understand the corrosion mechanisms of PTA Stellite 6 and PTA HE6 in the 

immersion tests, the alloy specimens after the immersion tests were examined using SEM/EDX. 

For the Stellite 6 specimens soaked in 5% HCl solution, the surface morphologies are 

presented in Figure 4-53, along with the intact surface for comparison. After 24 hour immersion 

test, the surface morphology of the specimen had been obviously changed according to Figure 

4-53 (b). The original microstructure cannot be identified clearly, but the two distinct phases 

(carbides and solid solution) are generally observed, with the dendrite structure of the solid 

solution highlighted. Moreover, the surface appears covered with imperfect oxide films. After 

longer immersion test (72 hours), the specimen surface almost does not show any characteristics 

of microstructure and is fully covered with corrosion products including oxides debris, as shown 

in Figure 4-53 (c). Compared with the surface morphology of the specimen tested for 24 hours, 
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the oxide films on the specimen surface tested for 72 hours were much damaged during the longer 

immersion test. Further analysis of the PTA Stellite 6 specimen surface immersion-tested in 5% 

HCl solution for 72 hours was performed on the light and dark regions with EDX. As presented in 

Figure 4-54 and Figure 4-55, the light region contains higher O and Cr contents and lower Co 

content, compared with the dark region. This reveals that the light region is corrosion products, 

mainly Cr oxide debris, while the dark region should be the solid solution substrate because of 

high Co and Cr contents, which were exposed due to breaking of the oxide film.  

 
                       (a)                                                 (b)                                               (c) 

Figure 4-53: SEM surface morphology of PTA Stellite 6 specimen: (a) as-received, (b) 

immersion-tested in 5% HCl solution for 24 hours, (c) immersion-tested in 5% HCl solution for 

72 hours. 
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Figure 4-54: EDX analyses of the light region in PTA Stellite 6 specimen surface after 

immersion tested in 5% HCl solution for 72 hours. 

 

 
Figure 4-55: EDX analyses of the dark region in PTA Stellite 6 specimen surface after 

immersion tested in 5% HCl solution for 72 hours. 
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Furthermore, it is noted that localized corrosion had occurred at the interface area between 

Cr-rich carbides and Co-based solid solution. This is because there was a potential difference 

between the Cr-rich carbide phase and Cr-depleted solid solution zone, thus a tiny electrochemical 

cell could form at the interface where Cr-rich carbide referred to the cathode and the surrounding 

solid solution performed as the anode in the chemical reaction. Meanwhile, according to the 

previous studies in immersion corrosion of Cr-containing steels and alloys [101][102], protective 

Cr2O3 can form in the solid solution region since free Cr was liable to lose electrons so as to form 

Cr oxide, while Cr-rich carbides may form Cr-rich carbonate. The Cr oxide is tough and can protect 

the solid solution from further corrosion, but Cr-rich carbonate is loose and friable which can easily 

fall off from the surface. However, at the interface between Cr-rich carbides and the solid solution, 

due to Cr depletion, the ability of Cr oxide formation was reduced, thus the interface region was 

easier corroded, as demonstrated by the surface morphologies shown in Figure 4-53 (b) and Figure 

4-53 (c).                  

The SEM surface morphologies of PTA Stellite 6 immersion-tested in 10% H2SO4 solution 

are shown in Figure 4-56. Different from the alloy tested in HCl solution, the surface did not 

change much when the specimen was tested in 10% H2SO4 solution, even for longer testing 

duration (72 hours). The microstructure of the alloy can be clearly identified. This indicates that 

the alloy surface was less damaged in 10% H2SO4 solution, resulting in a lower corrosion rate, as 

reported in Table 4-9.     
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                                             (a)                                                         (b)                                                                             

Figure 4-56: SEM surface morphology of PTA Stellite 6 immersion-tested in 10% H2SO4 

solution (a) for 24 hours, (b) for 72 hours. 

 

As for PTA HE6 specimens tested in 5% HCl solution, a similar inference can be obtained 

from the surface morphologies shown in Figure 4-57, compared to PTA Stellite 6, but the surface 

of PTA HE6 was evidently less damaged. After 24 hours of immersion test, the PTA HE6 surface 

morphology had some changes, but the microstructure can still be identified, as seen in Figure 

4-57 (b). The main change in surface morphology is observed in the interface region between the 

carbide phase and solid solution where obvious corrosion had occurred. The corrosion products 

include carbonate and oxides. After longer test (72 hours), the corrosion was enhanced, as observed 

in Figure 4-57 (c), the carbides/solid solution interfaces became blunter and the corrosion products 

were increased.  
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                      (a)                                                 (b)                                                 (c)                                                                                    

Figure 4-57: SEM surface morphology of PTA HE6: (a) as-received, (b) immersion-tested in 

5% HCl solution for 24 hours, (c) immersion-tested in 5% HCl solution for 72 hours. 

 

In 10% H2SO4 solution, from the surface morphologies shown in Figure 4-58, PTA HE6 

is less resistant to corrosion than in 5% HCl solution, in particular, for longer testing duration (72 

hours), which is consistent with the corrosion rate results reported in Table 4-9. As demonstrated 

in Figure 4-58 (b), although the microstructure can be somewhat observed, the specimen surface 

had changed much, with corrosion products covering both the carbides/solid solution interfaces 

and solution matrix where oxides formed. Furthermore, in addition to the interfaces of different 

phases, the solution matrix also exhibited localized corrosion ⎯ pitting when the PTA HE6 

specimen was subjected to a longer immersion test in 10% H2SO4 solution. 
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                                            (a)                                                           (b)                                                                                

Figure 4-58: SEM surface morphology of PTA HE6 immersion-tested in 10% H2SO4 solution 

for (a) 24 hours and (b) for 72 hours.  

 

From the surface morphology analyses using SEM, it can be suggested that PTA Stellite 6 

and PTA HE6 exhibited similar corrosion mechanisms in both acidic solutions. First, both alloys 

were able to form oxide films on their surfaces when they were immersed in corrosive 

environments, but the oxide films were not stable and may be broken with the immersion test 

proceeding. Second, Stellite 6 and PTA HE6 have similar microstructure; both consist of distinct 

phases ⎯ solid solution and carbides/intermetallics, therefore, localized corrosion preferentially 

occurred at the interface between the carbides and solid solution matrix. Finally, the solid solution 

matrices are not perfectly homogenous, thus the potential difference between the constituents in 

the solid solution did exist, which created electrochemical cells, also leading to pitting corrosion.     
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4.4 Discussion on Experimental Results 

The chemical composition of the novel high entropy alloy, HE6 alloy, is designed based 

on the HEA concept that the alloy has five or more principal elements with large mixing of entropy 

(1.73R, 𝑅 is gas constant). Thus, HE6 alloy has the equiatomic Co-Cr-Fe-Ni composition with a 

large amount of W, and a small amount of C (0.96 wt.%). This special chemical composition offers 

this alloy a microstructure that possesses the features of both HEAs and Stellite alloys. Similar to 

Stellite alloys, the microstructure of HE6 consists of various carbides and intermetallics embedded 

in a solid solution matrix, but unlike Stellite alloys, the FCC solid solution of HE6 is not Co-based, 

instead, it contains multi-element structures (Co, Cr, Fe and Ni). Compared with the benchmark 

of Stellite alloy family, Stellite 6, the carbides and intermetallics in HE6 alloy are more diverse, 

also the overall volume fraction of these strengthening agents is nearly doubled. 

Generally, the hardness of a material depends on the volume fraction of strengthening 

agents precipitated in the material. However, the hardness test results on PTA and SPS specimens 

of Stellite 6 and HE6 show that Stellite 6 is harder than HE6, in particular, between the SPS 

specimens. This implies that, first, the solid solution matrix of Stellite 6 is harder than that of HE6 

due to high Co concentration with the strengthening of large atom size W; second, Cr-rich M23C6 

in Stellite 6 is harder than Cr/Fe-rich M16C in HE6. The SPS HE6 specimen from large-size powder 

is slightly harder than that from small-size powder. The significant increase in hardness for SPS 

Stellite 6 specimen should be the result of M2C (mainly W2C) precipitation. It is generally accepted 

that the harder the material, the more resistant to wear it is. Consistent with the hardness test results, 

the dry-sliding wear tests demonstrated that Stellite 6 was better than HE6 in wear resistance, in 

about one-order difference.   
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The electrochemical tests on PTA HE6 and PTA Stellite 6 specimens in 3.5% NaCl, 2% 

HCl and 10% H2SO4 solutions showed that both alloys were able to form protective oxide films 

(Cr-rich) on the specimen surface with increasing potential owing to high content of Cr in the 

alloys so that the corrosion resistance of these alloys strongly depended on the behavior of the 

oxide films. Since Cr depletion occurred at the carbides/solid solution interfaces, which can result 

in discontinuity of oxide films on the specimen surface, thus generating localized corrosion 

(pitting). According to the electrochemical impedance spectroscopy (EIS) test and cyclic 

polarization test results, Stellite 6 performed better than HE6 in all corrosive media because of 

larger polarization resistance. This corrosion behavior corresponded to the microstructures of the 

two alloys. Larger volume fraction of carbides and intermetallics created more interfaces in HE6 

thus promoting more sites for electrochemical corrosion reactions. However, immersion tests on 

PTA HE6 and Stellite 6 specimens revealed that HE6 had a lower corrosion rate in 5% HCl and 

10% H2SO4 solutions for longer test duration, indicating better corrosion resistance in both 

reducing and oxidizing environments. Also, HE6 maintained a similar level of corrosion rate with 

the immersion test proceeding, while Stellite 6 exhibited a drastic increase in corrosion rate when 

the test duration was extended. This implied that the oxide films on HE6 alloy had better repairing 

ability in long-time corrosion condition. 
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Chapter  5: Conclusions and Future Work 

5.1 Summary of the Work Completed 

A novel cobalt high entropy alloy, designated as HE6, was created in this research, with 

the aim at reducing Co content in Stellite alloys hence the cost of the alloys, but retaining the 

similar level of material properties to conventional Stellite alloys, for example, Stellite 6, which is 

the most popular Stellite alloy and a benchmark in Stellite alloy family, by taking advantages of 

HEAs. The new HEA has equiatomic Co-Cr-Fe-Ni composition (22 at.%) with a considerably high 

content of W, and small amounts of C and Mo, having large mixing of entropy (1.73R). 

The HE6 and Stellite 6 alloy specimens were fabricated from the alloy powders via PTA 

and SPS process, respectively. The raw powders of HE6 and Stellite 6 alloy were examined using 

SEM for powder morphology and particle size distribution, and investigated under DSC test for 

phase transformation temperatures, as well as studied with XRD for phase identification. The 

microstructures of PTA and SPS specimens of HE6 and Stellite 6 were analyzed using 

SEM/EDX/XRD. The phases present in the microstructures were identified and the volume 

fractions of strengthening agents were estimated using the image processing software, ImageJ.  

The overall hardness of PTA and SPS specimens of HE6 and Stellite 6 was determined on 

both microscale and macroscale. The wear resistance of the specimens was evaluated using a pin-

on-disc tribometer in dry-sliding mode. The wear loss and friction coefficient for each specimen 

were determined; the wear mechanisms of PTA and SPS specimens of HE6 and Stellite 6 were 

studied based on the wear test results, along with the morphology analyses of the worn surfaces 

using SEM.  
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Electrochemical test was used to investigate the corrosion behavior of PTA HE6 and PTA 

Stellite 6 specimens in 3.5% NaCl, 2% HCl and 10% H2SO4 solutions; the cyclic polarization 

curves for the specimens tested in each solution were obtained and hence the corrosion parameters 

were calculated with the system software.    

Immersion test was conducted on PTA HE6 and PTA Stellite 6 specimens in 5% HCl and 

10% H2SO4 solutions to further study the corrosion performance of the alloy specimens. The 

weight loss due to corrosion was evaluated for each specimen in the solutions and the corroded 

surfaces of the specimens were analyzed with SEM/EDX to understand the corrosion mechanisms 

of the alloys.  

The experiment results from the performance evaluations of PTA and SPS specimens of 

HE6 and Stellite 6 were discussed with respect to their microstructures evolved in the PTA and 

SPS processes. The influence of the manufacturing method on the microstructure developed and 

hence the final properties of these alloys were delineated. The hardness, wear and corrosion 

performance of HE6 were assessed in comparison with Stellite 6, hence the significance of 

developing cobalt HEA was justified. 
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5.2 Conclusions from the Present Research 

From the work completed, reported in previous chapters and summarized above, the 

following conclusions can be derived from the present research. 

1) With the unique chemical composition that takes the features of both Stellite alloys and 

HEAs, the microstructure of the novel cobalt high entropy alloy, HE6, exhibits the main 

characteristics of Stellite alloys such that it consists of various carbides and intermetallics 

distributed in a solid solution matrix.    

2) The equiatomic Co-Cr-Fe-Ni composition with the addition of 0.96 wt.% C and 19 wt.% 

W  renders HE6 alloy a complex phase system. Unlike Stellite alloys which have Co-based 

solid solution (FCC Co or/and HCP Co), the solid solution matrix of HE6 is composed of 

FCC multi-element structures (Co, Cr, Fe and Ni). Also, the carbides and intermetallics in 

HE6 alloy are more diverse than that in Stellite alloy. 

3) There is also a difference in carbides between Stellite alloy and HE6 alloy; the main carbide 

phase of Stellite 6 is Cr-rich, while that of HE6 alloy is Cr/Fe-rich. 

4) Although PTA and SPS material manufacturing methods operate in different mechanisms, 

the phases formed in the bulk HE6 specimens from these two manufacturing processes are 

the same, only varying in ratio. However, the two manufacturing processes can result in 

distinct microstructure morphologies for this alloy. Initial powder size of HE6 alloy had 

little influence on the microstructure of the bulk specimen prepared via SPS process.         

5) HE6 alloy is not as hard as Stellite 6 although the overall volume fraction of strengthening 

agents (carbides and intermetallics) in the former is larger. Higher hardness of the latter is 

attributed to strengthened Co-based solid solution matrix and harder Cr-rich carbides, 

compared to the FCC solid solution with mixed Co, Cr, Fe and Ni structures and Cr/Fe-rich 
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carbides in the former. In consistence with the hardness, HE6 alloy is less resistant to dry-

sliding wear than Stellite 6.           

6) Under electrochemical impedance spectroscopy (EIS) and cyclic polarization tests, HE6 

alloy displayed passivation ability by forming protective Cr-rich oxide films in 3.5% NaCl, 

2% HCl and 10% H2SO4 solutions, but localized corrosion (pitting) can occur when the 

oxide films were broken. Compared with Stellite 6, HE6 alloy has more interfaces between 

different phases owing to larger amounts of carbides and intermetallics present in the 

microstructure so that it is less corrosion-resistant because of more sites for electrochemical 

reaction.   

7) However, in immersion test, HE6 alloy exhibited better corrosion resistance than Stellite 6 

according to lower corrosion rates in 5% HCl and 10% H2SO4 solutions, and nearly stable 

with longer testing duration, which indicated better repairing ability of the oxide films in 

long-time corrosion condition. 
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5.3 Significant Contributions of the Present Research 

Although Stellite alloys display a variety of exceptional properties, which are attributed to 

two strengthening mechanisms: strengthened cobalt solid solution matrix and various 

carbides/intermetallics precipitated in the alloys, they are expensive due to the high cost of 

dominating Co element. For economic applications, Kennametal Stellite Inc., the world-leading 

manufacturer of Stellite alloys, has proposed a new idea to create new alloys that possess the 

features of both Stellite alloys and high entropy alloys, with the aim of reducing the material cost. 

The cost of the alloys in total contains two parts: the cost of raw materials and the cost of 

production. A rough and simplified analysis of raw materials can be conducted by calculating the 

weighted average cost (WAC) for each major element of Stellite 6 and HE6. The weighted average 

cost can be calculated as 

WAC =
𝑆𝑢𝑚𝑚𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑎𝑙𝑙𝑜𝑦𝑖𝑛𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
                                       (5.1) 

The summation cost equals the unit cost of Co, Cr, W, Ni and Fe multiplied by their weight 

percentage. Although Mo and C also exist in the alloys, their cost impacts are minors since they 

only occupy 5% of the weight percentage. According to the market prices of major elements in 

Stellite alloys and HE6, Table 5-1 summarizes the results of WAC for the most common Stellite 

alloy and HE6, which shows that HE6 reduces around 40% cost of Stellite 6. Furthermore, 

compared to the cost of hot isostatic pressing (HIP), the industrial level SPS facility only costs 

10%. In other words, SPS saves more energy due to its shorter thermal cycle. Therefore, HE6 

fabricated via SPS results in higher reduction of cost. 
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Table 5-1: Weighted average costs of Stellite alloys and HE6. 

 

Unit 

price 

(U.S. 

$/ton) 

Stellite 3 Stellite 21 Stellite 6 HE6 

composition 

(wt.%) 

WAC 

(U.S. 

$/ton) 

composition 

(wt.%) 

WAC 

(U.S. 

$/ton) 

composition 

(wt.%) 

WAC 

(U.S. 

$/ton) 

composition 

(wt.%) 

WAC 

(U.S. 

$/ton) 

Co 33000 49.8 

21826 

59.5 

24721 

55.3 

23322 

20.1 

14280 

Cr 10000 30.5 27 29 18 

W 10000 12.5 0 4.5 19 

Ni 16000 1.8 2.75 3 20 

Fe 1000 1.8 3 3 19 

 

High entropy alloys have been studied extensively and attracted much attention in recent 

years. They are designed mainly based on solid solution strengthening mechanism, i.e., carbon 

content in the alloys is kept as low as possible. Different from conventional HEAs, in order to 

achieve a similar strengthening level to Stellite alloys, the proposed new high entropy alloy, HE6 

alloy, contains 0.96 wt.% C, which promotes the formation of large amounts of carbides. 

The present research has completed a preliminary study on HE6 alloy in comparison with 

the benchmark of the Stellite alloy family, Stellite 6. The experimental results show that this novel 

alloy has multi-element FCC structure solid solution with diverse carbides and intermetallics. 

Although the hardness and wear resistance of this alloy are not comparable to Stellite 6, which was 

expected due to largely reducing Co content, HE6 alloy (HRC 38 ~ 40) is still hard and 

wear-resistant, compared to most wear-resistant materials. For example, it is harder than Stellite 

21 (HRC 28 ~ 32) which is also a popular Stellite alloy for high temperature and corrosion 

conditions. HE6 alloy exhibited better immersion corrosion resistance than Stellite 6 in both 

reducing and oxidizing environments for long-time service. The outcomes of this research 

provided the material industry guidance in developing novel HEAs, leading to the emerging of a 

new generation of economic materials.     
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5.4 Future Work of the Project 

1) HE6 alloy is the first HEA developed from Stellite alloys. The present research has only 

provided preliminary outcomes of performance evaluation for this new alloy. Further 

experimental studies involving erosion, high-temperature oxidation, wear in different 

modes, corrosion at elevated temperatures, etc., are required before this new material is put 

into production for industrial applications. 

2) HE6 alloy is a Co-Cr-Fe-Ni HEA system with a large amount of W, but as well know, Mo 

element also plays an important role in Stellite alloys, in particular, providing solid solution 

strengthening and enhancing corrosion resistance. Therefore, it is worth trying a Co-Cr-

Fe-Ni with a large amount of Mo instead of W. Also, element Fe may be replaced by 

element Mn in the created HEAs, thus to investigate the difference in material properties 

when the individual elements are swapped in the alloys.    

3) In this research, the bulk HE6 specimens were fabricated via PTA and SPS processes. 

Although PTA and SPS processes did not make difference in the phase constituents of HE6 

alloy, they made distinct microstructure morphologies, which will influence the 

mechanical properties of this alloy. Therefore, it is necessary to test other manufacturing 

techniques, for example, laser cladding and 3D printing, to fabricate cobalt HEAs. 
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