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Abstract 

High-chromium cast irons (HCCIs) are widely used in industries requiring superior wear and 

corrosion resistance, such as mining, petrochemical, and milling operations. The performance 

of these alloys is primarily dictated by their Cr/C ratio, which influences carbide formation, 

size, shape, and distribution within the microstructure. Despite extensive research on HCCIs, 

knowledge gaps remain regarding the combined effects of the Cr/C ratio and heat treatment on 

microstructure evolution, mechanical properties, wear resistance, and corrosion behaviour. 

This study investigates the influence of the Cr/C ratio and heat treatment on the microstructural 

characteristics of Cr24 HCCIs, with a focus on their hardness, toughness, wear resistance, and 

corrosion performance. Three different compositions were cast with varying C content and 

subjected to microstructural analysis using scanning electron microscopy (SEM), energy-

dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD). Hardness testing was 

performed using Vickers and Brinell methods, while wear behaviour was evaluated through 

pin-on-disc tribometer tests. Corrosion resistance was assessed using potentiodynamic 

polarisation testing in acidic (0.5M H SO ), neutral chloride (3.5wt.% NaCl), and alkaline 

(0.5M NaOH) solutions. The findings reveal that a higher Cr/C ratio produces a finer, more 

uniformly distributed carbide network, while a lower Cr/C ratio results in larger, more 

interconnected carbides. Hardness and wear resistance increased with higher carbide volume, 

but excessive carbide coarsening led to higher wear rates due to three-body abrasion. Heat 

treatment improved fracture toughness but did not significantly enhance wear or corrosion 

resistance, as expected. The treatment, designed for Cr28 alloys, led to excessive secondary 

carbide precipitation, which depleted matrix chromium, reducing passive film stability and 

increasing corrosion susceptibility in aggressive environments. In corrosion testing, chloride 

and acidic solutions attacked carbide-matrix interfaces, accelerating localised corrosion, 

whereas alkaline environments led to selective carbide dissolution. A homogeneous carbide 

distribution improved corrosion resistance by supporting a stable passive film, while large, 

interconnected carbides promoted material degradation. The study confirms that optimising the 

Cr/C ratio, carbide morphology, and heat treatment parameters is essential to achieve the best 

balance between hardness, wear resistance, toughness, and corrosion resistance. These findings 

provide valuable insights into microstructural tailoring strategies for improving the durability 

of HCCIs in industrial applications. 
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Chapter 1: Introduction 

 

1.1 Background 

In the mining, mineral processing, and petrochemical industries, equipment components are 

routinely exposed to highly aggressive environments characterised by abrasive wear, impact 

loading, and corrosive chemical exposure. These harsh service conditions often lead to 

premature equipment failure, resulting in increased maintenance costs, operational downtime, 

and associated safety risks (Yang & Li, 2012). High-chromium white cast irons (HCCIs) are 

commonly employed in such applications due to their excellent hardness, wear resistance, and 

cost-effectiveness (Ngqase & Pan, 2020). The performance of these alloys is strongly 

influenced by their microstructural characteristics, particularly the type, size, and distribution 

of hard chromium carbides embedded within the matrix. Among the key compositional factors 

affecting the microstructure is the chromium-to-carbon (Cr/C) ratio, which plays a critical role 

in determining the nature and morphology of carbides formed during solidification and 

subsequent heat treatment (Guo et al., 2021). Despite the significance of this ratio, its combined 

effect on microstructure and resulting mechanical properties remains insufficiently understood, 

particularly in relation to the specific environmental demands encountered in local industrial 

sectors. This study therefore aims to investigate the influence of the Cr/C ratio on the 

microstructural evolution and mechanical performance of HCCIs, with the objective of 

optimising alloy compositions for improved reliability under the typical service conditions 

experienced in South African industry. 

High chromium white cast irons are a specialised type of cast iron containing chromium as 

the primary alloying element. The typical composition ranges from 11-30 wt.% Cr, 1.8-6 wt.% 

C, and up to 5 wt.% Mo, along with trace amounts of copper, nickel, manganese, silicon, and 

vanadium (Ortega-Cubillos et al., 2015). The HCCIs are an important class of wear-resistant 

materials used in industries like mining, mineral processing, cement manufacturing, and pulp 

and paper industries, where stable performance in harsh environments is crucial (Ngqase & 

Pan, 2020). These cast irons can exhibit hypoeutectic, eutectic, or hypereutectic compositions 

depending on their carbon content. Hypoeutectic compositions with a typical carbon range of 

1.8 wt.%-3.6 wt.% are often preferred for standard foundry applications due to their 

favourable properties, as they typically have a more controlled solidification process that 

results in a desirable microstructure balancing hardness, toughness, and wear resistance 
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(Guitar et al., 2018). The mechanical properties of high chrome white cast irons are influenced 

by several factors, including the Cr/C ratio, solidification rate, and the presence of alloying 

elements like Mo, Mn, Cu, and Ni (Yang et al., 2014). Adjusting these parameters allows 

tailoring the characteristics of the material for specific applications. Additionally, other 

carbide-forming elements can be added to the alloy to target desired properties. 

 

The as-cast microstructure of HCCI typically consists of a network of eutectic hard M7C3 or 

M C carbides within an austenitic matrix developed through a non-equilibrium process of 

solidification due to solute enrichment between dendrites, which deviates from equilibrium 

composition (Pellizzari, 2010; S§nchez-Cruz et al., 2020). High chromium cast irons can 

exhibit hypoeutectic, eutectic, or hypereutectic compositions depending on their carbon 

content. Hypoeutectic compositions are often preferred for standard foundry applications due 

to their favourable properties (Yang & Lei, 2012). The chemical composition and cooling rate 

determine the type of alloy and final microstructure. Cooling curves are used to trace the 

transformation of the material as it solidifies, while the phase diagram of the material shows 

us the different types of microstructures and phase transformations at the different cooling 

stages. This analysis is essential in understanding how processing conditions interact with 

composition, particularly the Cr/C ratio, to influence carbide nucleation and growth. 

Solidification of hypoeutectic HCCIs begins with the formation of primary austenite dendrites 

as the melt cools down from the liquidus temperature (Lora & Di·szegi, 2012; Di·szegi et 

al., 2015). As the temperature decreases further, the remaining liquid undergoes eutectic 

transformation, forming a mixture of austenite and chromium-rich M C  carbides. This two-

phase structure is critical for achieving the desired balance of mechanical properties in the 

final casting (Yang & Lei, 2012). Proper control of the cooling rate and alloy composition 

during the solidification process is crucial to refine the microstructure and optimise the 

performance characteristics of the cast iron.  

 

High chrome cast iron is primarily subjected to abrasive wear, but it can also experience 

erosive and impact wear, depending on the application. The high wear resistance of HCCIs 

primarily arises from the formation of hard chromium carbides of type M7C3 in the 

microstructure, which significantly increases their ability to withstand abrasive and erosive 

wear (Cui et al., 2016). The typical M7C3 carbides in HCCI have an extremely high hardness 

range of 1500-1800 HV, which contributes to the overall hardness along with the reasonably 

hard austenitic matrix (FraŜ et al., 2015; Guitar et al., 2018). The presence of these carbides 
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in the austenite matrix creates a composite-like material where the carbides act as a barrier to 

wear, which functionally prevents the matrix from being easily abraded. The wear resistance 

of HCCIs is influenced by the volume fraction, size, and distribution of the carbides. A greater 

carbide volume increases the overall wear resistance of the alloy (Guo et al., 2021). 

Additionally, finer carbides are more effective at resisting wear, as they distribute the hard 

phase more evenly in the matrix. This effectively leads to a more consistent wear pattern, 

preventing the initiation and propagation of cracks (FraŜ et al., 2015). Coarse carbides, while 

hard, can create stress concentrations that may lead to premature failure of the material under 

certain conditions (Gadhikar et al., 2014). The wear characteristics of the alloy may also be 

manipulated by applying additional heat treatment procedures. The hardness and toughness 

of the alloy can be altered through processes such as quenching and tempering, which 

ultimately impacts the material's resistance to wear (Guitar et al., 2018).  

 

The primary objectives of heat treatment in HCCIs are to improve hardness, wear resistance, 

and toughness, which are essential for their performance in their respective demanding 

applications (Chen et al., 2022). Austenisation, which is often accomplished by heating the 

material to destabilising temperatures (950°C to 1050°C), is the first step in the heat treatment 

process (Herring, 2007; Clarke, 2014). Tempering is then carried out at subcritical or low 

temperatures of about 250°C to 750°C (Ma et al., 2012; Xu et al., 2014). Steel and other similar 

materials can have their mechanical qualities improved by this process. The material is quickly 

cooled during quenching, usually generating a martensitic structure that makes the material 

harder but also more brittle. To counteract this, tempering is used to increase toughness and 

ductility and decrease brittleness, all of which are essential for achieving the required qualities 

for a variety of applications (Shveikin et al., 2022; Alagheband & Ghanbari, 2024). Tempering 

is essential for producing the best mechanical qualities appropriate for a range of industrial 

applications by lowering brittleness while increasing toughness and ductility. Hardness 

significantly decreases when the tempering temperature rises above 550°C, which is an 

important consideration for HCCIs for particular uses. Thus, improving the mechanical 

qualities required for high-performance applications is dependent on the heat treatment 

procedure of HCCIs, with considerations of the tempering temperatures. 

High chrome cast irons are used in a variety of industries, as previously mentioned, which all 

introduce a different set of variables that affect the way the material behaves in various ways. 

This introduces a complexity when it comes to knowing exactly how to customise the material 
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for the respective uses. The Cr/C ratio influences the microstructure of the material, which 

ultimately affects the way the material will behave in these environments. This means that 

multiple types of HCCIs need to be developed to suit the different environments, such as acidic, 

basic, and alkaline, and to wear environments that require certain levels of hardness and 

toughness qualities. This research is aimed at studying the effects of the Cr/C content on the 

microstructure of hypoeutectic HCCIs and how the microstructure influences the mechanical 

properties such as the hardness, toughness, wear, and corrosion. The goal of this study is to 

examine how the properties of the material impact the mechanical properties of the finished 

material by varying its composition. Additionally, this study will investigate how a developed 

heat treatment technique may improve the final hardness, fracture toughness, wear resistance, 

and corrosion resistance of the material. The heat treatment is included as a secondary step, 

mainly to enhance the properties already seen in the as-cast condition; however, the primary 

focus will be on the optimisation of the Cr/C ratio to suit conditions they are popularly 

subjected to in local industry.  

1.2 Problem Statement  

High-chromium cast irons (HCCIs) are widely used in industries requiring high hardness, wear 

resistance, and corrosion resistance, such as mining, milling, petrochemical processing, and 

marine environments (Abd El-Aziz et al., 2015). These properties are largely determined by 

the microstructure, which consists of a matrix phase reinforced by hard carbides such as M C, 

M C , M C , and M C , each forming based on the chemical composition and processing 

conditions (Bedolla-Jacuinde et al., 2005). The Cr/C ratio is a critical factor in this, as it governs 

carbide formation, shape, size, and dispersion within the matrix, which in turn dictates 

hardness, wear performance, and corrosion resistance. Despite extensive research on HCCIs, 

the mechanism by which the Cr/C ratio influences microstructural evolution and, consequently, 

material performance remains inadequately understood. A deeper understanding of this 

mechanism is essential for optimising alloy design, ensuring that the Cr/C ratio is tailored to 

achieve the best combination of hardness, wear resistance, and corrosion protection from a 

microstructural perspective. 

The Cr/C ratio directly affects carbide type, morphology, and distribution, leading to significant 

variations in mechanical and environmental durability. A lower Cr/C ratio increases carbide 

volume, which enhances hardness and wear resistance, but also leads to coarser, interconnected 

carbides, making the material more brittle and prone to fracture (Guo et al., 2021). Conversely, 

a higher Cr/C ratio results in fewer but finer carbides, improving toughness but lowering wear 



Ρ 
 

resistance (Wang et al., 2018). The shape and size of carbides also play a key role; for example, 

elongated, rod-like carbides enhance wear resistance but increase brittleness, whereas finer, 

evenly dispersed carbides improve the balance between strength and ductility (Wang et al., 

2018). Additionally, the microstructure influences corrosion behaviour, where higher carbide 

fractions reduce the reactive surface area, improving passive film stability, but larger, 

interconnected carbides can act as localised corrosion sites, accelerating degradation in 

aggressive environments (Gong et al., 2023). Understanding how the Cr/C ratio controls these 

microstructural features and their effects on material performance is crucial for optimising 

HCCIs for industrial use. 

Despite this, existing research often isolates the effects of Cr and C individually, rather than 

considering their combined influence through the Cr/C ratio. Additionally, the interaction 

between the Cr/C ratio and cooling rate during solidification is not well understood, even 

though solidification kinetics play a crucial role in determining carbide morphology, size, and 

segregation patterns (Panichkin et al., 2023). Faster cooling typically refines carbides, 

improving toughness, while slower cooling allows carbides to coarsen, increasing brittleness 

(Panichkin et al., 2023). However, how the combined effects of the Cr/C ratio and cooling 

conditions shape the final microstructure and mechanical properties remains unclear, limiting 

the ability to predict and optimise alloy behaviour in real-world applications. Heat treatment 

further complicates this relationship by modifying carbide morphology, often promoting 

secondary carbide precipitation that can deplete chromium from the matrix, affecting 

passivation and corrosion resistance (Zhang et al., 2022). The lack of a clear understanding of 

how the Cr/C ratio, cooling rates, and heat treatment collectively influence carbide formation 

and stability presents a major challenge in optimising HCCI processing and alloy design. 

In South Africa, HCCIs are widely used in mining, processing, and marine industries, where 

components such as mill liners, crusher hammers, slurry pump impellers, and valves must 

withstand abrasive wear, high-impact forces, and corrosive conditions (Singh, 2016). The 

industry requires alloys that can perform well under acidic, alkaline, and chloride-rich 

conditions while maintaining structural integrity. However, poor microstructural control due to 

improper Cr/C ratio selection often leads to premature material failure, resulting in high 

maintenance costs, equipment breakdowns, and productivity losses. To enhance reliability, 

durability, and service life, ultimately decreasing downtime frequency, duration, and cost, it is 

essential to develop an alloy design strategy that optimises the Cr/C ratio based on its 

microstructural effects. Despite the critical role of HCCIs in these environments, their 
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performance is frequently compromised due to an inadequate understanding of how the Cr/C 

ratio affects microstructural evolution, leading to the failures experienced in service. Existing 

research often isolates the roles of chromium and carbon, rather than addressing their combined 

influence on carbide formation, a key factor controlling carbide morphology, type, size, and 

shape, which in turn governs corrosion resistance and mechanical properties under varying 

processing conditions. This lack of clarity limits the ability to design alloys that meet the 

durability and performance demands of South African industries. By understanding how the 

Cr/C ratio influences carbide morphology and distribution and how this translates into 

mechanical and corrosion behaviour, industries can tailor HCCI compositions for specific 

applications, improving material performance and operational efficiency. 

This research primarily aims to investigate how variations in the Cr/C ratio influence the 

microstructural evolution, hardness, wear behaviour, and corrosion resistance of hypoeutectic 

HCCIs in the as-cast condition. The study focuses on understanding how the Cr/C ratio governs 

the formation, size, shape, and distribution of carbides within the matrix and how these 

microstructural features affect the performance of the alloy. In addition, selected heat 

treatments are applied to evaluate whether further improvements in mechanical and corrosion 

properties can be achieved. The findings will contribute to the optimisation of alloy 

composition, cooling conditions, and heat treatment parameters, ensuring that HCCIs achieve 

the best possible balance of hardness, wear resistance, and corrosion resistance for industrial 

applications. 

1.3 Research Questions  

1. How does the Cr/C ratio affect the microstructure of HCCIs?  

2. How does the Cr/C ratio affect the hardness and fracture toughness of HCCIs? 

3. How does the resulting microstructure affect the wear resistance of HCCIs? 

4. How does the resulting microstructure affect the corrosion resistance of the HCCIs? 

1.4 Aims and Objectives  

The aim of the research is to study the influence of Cr/C ratio on the microstructural, 

mechanical, wear, and corrosion properties of hypoeutectic HCCIs. 

The objectives are: 

1. To determine the effects of Cr/C ratio on the solidification behaviour and resulting 

microstructural constituents of hypoeutectic HCCIs, using computational analysis of 

cooling curves and experimental characterisation through scanning electron 
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microscopy (SEM) with energy dispersive spectroscopy (EDS) and x-ray diffraction 

(XRD). 

2. To evaluate the influence of Cr/C ratio on the hardness and fracture toughness of 

hypoeutectic HCCIs, using standard mechanical testing methods such as Vickers and 

Brinell hardness testing and Charpy impact testing.  

3. To assess how Cr/C ratio-induced microstructural variations affect the wear of 

hypoeutectic HCCIs by conducting pin-on-disc wear tests. 

4. To assess how the Cr/C ratio-induced microstructural variations affect the corrosion 

performance of hypoeutectic HCCIs by conducting electrochemical corrosion testing 

under simulated South African industrial conditions. 

1.5 Research Motivation  

The South African national economy is largely reliant on its mining and manufacturing as 

critical contributors. The country is amongst the largest contributors of minerals such as gold, 

platinum, and iron ore in the world (Mulaba-Bafubiandi & Singh, 2018; Usman et al., 2019; 

Esau et al., 2023). High chrome cast irons are used in areas that require materials with high 

abrasion resistance and highly corrosive areas because of their reputable hardness and desirable 

corrosion resistance. High chrome cast irons are also relatively affordable for a wide variety of 

uses, rendering them pivotal in the construction of the earth mining, petrochemical, and milling 

industries. The optimisation of the alloys is thus critical to ensure that the equipment in these 

applications can withstand harsh environments for longer periods without the need for frequent 

repairs and additional maintenance costs. 

In mining, these environments typically simulate abrasive slurries with quartz particles in low-

pH mine water containing sulphates (SO Į ), chlorides (Cl ), and elevated temperatures, while 

in petrochemical applications, equipment is exposed to chloride-rich solutions saturated with 

carbon dioxide (CO ) and hydrogen sulphide (H S) gases at high temperatures and low pH, 

replicating sour service conditions in refineries and chemical plants (Mutileni et al., 2023). 

Additionally, highly alkaline environments such as those found in gold tailings neutralised with 

lime (Ca(OH) ) or caustic cleaning operations using sodium hydroxide (NaOH) in 

petrochemical refineries are also prevalent, exposing materials to pH levels above 12 and 

creating aggressive corrosion conditions that demand equally robust alloy performance 

(Mutimutema et al., 2022). Given this wide range of corrosive and abrasive conditions, the 

performance of high chrome cast irons (HCCIs) must be carefully matched to the specific 

environments in which they are applied. However, in addition to corrosion, equipment in these 
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sectors is also subject to extreme mechanical demands such as impact and abrasive wear, which 

further complicates material selection and highlights the need for tailored alloy solutions.  

The difficulty with HCCIs is that they are sought for great abrasion and wear resistance, yet 

there is little customisation for each of the various settings in which they are used. Because 

HCCIs are used in a variety of industries, each with its own set of conditions and elements that 

influence the mechanism of failures in the material, tailoring is critical to the optimisation of 

alloy utilisation. This can be achieved by applying minor modifications in the composition of 

the alloys, resulting in enormous differences that can be customised for the diverse situations. 

The mechanical properties of the alloy are directly related to the microstructure, particularly 

the type and distribution of carbides as well as the properties of the matrix. There is a need to 

understand how the composition affects each of the properties of the alloy, particularly the 

microstructure, and how its features affect the final material's integrity. Studying how the Cr/C 

ratio would be the first step towards optimising the alloy to suit the local mining conditions in 

South Africa.  

Additionally, components in mining and mineral processing are subjected to high levels of 

impact loads and abrasive wear. While fracture toughness affects the capacity of HCCIs to 

endure mechanical shocks without cracking, hardness is a crucial factor in the ability of HCCI 

resistance to wear. The optimal Cr/C ratio can improve mechanical properties such as hardness 

and impact toughness. For instance, a combination of 2.7 wt.% C and 18 wt.% Cr, followed by 

specific heat treatments, results in high hardness of 62 HRC and good impact toughness of 8.2 

J/cm², as demonstrated by Gong et al. (2017). In addition, Liu et al. (2025) report that the 

optimal Cr/C ratios, which are in the range of 8 to 11, provide the best abrasion resistance in 

high chromium white cast iron. This is especially important in deep-level mining activities in 

South Africa, where components are exposed to abrasive and impact conditions. By lowering 

maintenance expenses and downtime, optimising the Cr/C ratio for both attributes can increase 

operational effectiveness. Furthermore, the enhanced wear and corrosion resistance of 

optimised hypoeutectic HCCIs is essential for industries like petrochemicals, where machinery 

is subjected to both high temperatures and chemically harsh media. 

Furthermore, in South Africa, in the petrochemical industries, where companies like SASOL 

and other refineries play an important role in the energy and chemical processing industry, the 

reliability and durability of processing equipment are crucial factors to the efficiency of the 

plants. Equipment in these harsh environments is prone to failure by wear and corrosion, which 
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leads to frequent downtime, safety issues, and environmental hazards. Guo et al. (2021) and 

Yang & Li (2012) emphasise on how the wear resistance of high chrome cast iron is directly 

affected by the Cr/C ratio. Higher carbon content generally increases wear resistance due to the 

formation of more and larger carbides, which are harder and more wear-resistant; however, 

excessive carbon can lead to brittleness and reduced impact toughness (Guo et al., 2021). By 

finding the critical Cr/C ratio, enabling the best hypoeutectic HCCIs characteristic of the 

custom wear and corrosion properties to the local environment pH and experienced chemical 

reactions, this would significantly increase the performance of the equipment and service life.  

Despite the widespread use of hypoeutectic HCCIs in these demanding environments, limited 

studies have focused on the specific influence of the Cr/C ratio on microstructural development 

and performance, particularly in hypoeutectic compositions used in local applications. Much 

of the existing literature investigates the roles of chromium and carbon independently, without 

fully examining how their combined ratio affects carbide formation, morphology, and phase 

distribution. Although several studies have explored the influence of Cr/C ratio on phase 

stability and mechanical properties (Bedolla-Jacuinde et al., 2005; Ortega-Cubillos et al., 2015; 

Stachowiak et al., 2015; Abdel-Aziz et al., 2017), and others have studied the effect of cooling 

rates on carbide distribution (Zhang et al., 2018; Sasaguri et al., 2019; Goto et al., 2023; 

Panichkin et al., 2023), few have integrated these factors into a unified framework. 

Furthermore, most studies either focus on the as-cast condition or evaluate heat treatment 

effects in isolation, without considering how the solidification microstructure, shaped by the 

Cr/C ratio, interacts with subsequent thermal processing (Ai et al., 2011; Karantzalis et al., 

2009; Zhang et al., 2022). This research is therefore motivated by the need to address this 

practical and academic gap. By investigating how controlled variations in the Cr/C ratio 

influence solidification behaviour, microstructural evolution, and resulting mechanical and 

corrosion properties of hypoeutectic HCCIs, this study seeks to provide a clearer understanding 

of alloy performance under real-world South African service conditions. The findings aim to 

inform the design of tailored HCCI compositions that enhance equipment performance, extend 

service life, and reduce operational downtime, ultimately supporting improved efficiency and 

reliability in critical industrial applications. 

1.6 Structure of Dissertation 

Chapter 1: Introduction. An introduction to the topic, a statement about the gaps in the current 

literature, a problem statement, and a list of specific research objectives that, if met, will enable 

a contribution to this field of knowledge are all included in Chapter 1. 
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Chapter 2: Literature Review. This chapter contains a detailed summary of the previous work 

that has been done on HCCIs. This includes summarised published work by Bedolla-Jacuinde 

et al. (2005); Karantzalis et al. (2009); Wiengmoon et al. (2011); and Ngqase & Pan (2020) on 

popularly studied domains of HCCIs. The literature review is an extensive review on the effect 

of composition on the mechanical properties of HCCIs, such as corrosion, wear, and hardness.  

Chapter 3: Materials and Methods. In this chapter, the details of the computational and 

experimental approaches employed in this work are presented. A discussion of the many testing 

methods, analytical methods, testing standards, and equipment needed to accomplish each goal 

is also included in this section. 

Chapter 4: The effects of Cr/C ratio on the microstructural properties of hypoeutectic HCCIs. 

In this section of the dissertation, objective one, ñDetermine the effects of Cr/C ratio on the 

microstructural properties of HCCIs,ò is addressed through computational analysis, including 

ThermoCalc and analysis of the cooling curve characteristics on the solidification behaviour of 

the resulting microstructure and presentation of results acquired from experiments and an 

extensive analysis of the acquired results from microstructural analyses. 

Chapter 5: The effects of Cr/C ratio on the hardness and fracture toughness of hypoeutectic 

HCCIs. The third objective of the work requires discussion on how the Cr/C ratio affects the 

hardness and fracture toughness properties of HCCIs. The analysis and discussion are presented 

in detail in this chapter, informed by the impact testing and hardness experimental work done. 

Chapter 6: The influence of microstructural constituents on the wear properties of hypoeutectic 

HCCIs. The results and discussion in this chapter will provide a detailed explanation of how 

the microstructure influences the wear and corrosion properties of HCCIs through analysis of 

the results acquired during the wear and corrosion experiments performed. 

Chapter 7: The influence of microstructural constituents on the corrosion properties of 

hypoeutectic HCCIs. The results and discussion in this chapter will provide a detailed 

explanation of how the microstructure influences the corrosion properties of HCCIs. This will 

be done through analysis of the results acquired during corrosion experiments performed. 

Chapter 8: Conclusions and recommendations. This chapter summarises the main ideas of the 

work done with respect to previous work done by other researchers, providing a summative 

conclusion to the detailed discussions from the dissertation. Furthermore, recommendations on 

future work to be done on HCCIs are also done here. 
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Chapter 2: Literature Review 

2.1 Introduction 

This paper provides a comprehensive review of the process in the manufacturing of high 

chromium cast iron. Of particular note is the vital role of the ratio of Cr/C, the cooling curve 

of solidification, and the resultant impact on mechanical properties, particularly wear 

resistance, hardness, toughness, and corrosion performance. HCCIs are normally applied in 

various industry applications such as mining, petroleum, or grinding because of their dominant 

wear-resistant characteristics and resistance to corrosion. The optimisation of the Cr/C ratio in 

the alloys influences the formation of carbides and the existence of an austenitic matrix, which 

largely governs the final microstructure and hence the overall performance of the material. 

The composition of alloying elements plays a key role in influencing the cooling curve, 

ultimately affecting phase nucleation and growth during casting. Since different cooling rates 

lead to distinct microstructural features, the distribution and morphology of hard carbides vary 

accordingly. These variations directly impact the mechanical properties of high-chromium cast 

irons (HCCIs), which, in turn, determine their suitability for specific applications. Chapter 2 is 

structured to provide a thorough exploration of these aspects, beginning in Section 2.2 with a 

discussion on the composition and industrial relevance of HCCIs. This section offers 

background information and establishes motivation for the study. Section 2.3 follows with an 

overview of the microstructure, particularly emphasising the role of carbides in the mechanical 

performance of the alloy. The significance of solidification cooling curves and their role in 

understanding phase transformations during casting is explored in Section 2.4. In Section 2.5, 

the effects of the Cr/C ratio on microstructure are examined, while also addressing the 

combined influence of chromium and carbon. Thermodynamic and kinetic theories related to 

phase formation are covered in Section 2.6. Moving forward, Sections 2.7 and 2.8 discuss 

mechanical properties, including methods of evaluation and the impact of heat treatment on 

HCCIs. To bridge the knowledge gaps, Section 2.9 outlines areas requiring further research, 

setting the stage for the present study. Lastly, Section 2.10 wraps up the chapter with a summary 

of key findings. 

2.2 High Chrome Cast Iron (HCCI): Composition and Industrial Relevance 

High-chrome cast iron (HCCI) has a unique chemical composition that grants it great resistance 

to wear and corrosion under severe use or exposure conditions. Hypoeutectic HCCIs are a type 

of cast iron with a typical composition of between 11 and 30 wt.% Cr and between 1.8 and 3.6 
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wt.% C. It may contain minor additions of other elements, significant being molybdenum, 

manganese, silicon, and trace vanadium (Bedolla-Jacuinde et al., 2005; Ngqase & Pan, 2020; 

Sudhakar et al., 2022). This particular composition of the elements initiates the formation of 

numerous complex carbides during solidification, which impacts heavily on the overall 

mechanical properties of the alloy. The proper addition of alloying elements is crucial for the 

proper application of the material to support them against failure and wear and for corrosion 

resistance. At the same time, it is necessary that the alloy be adjusted so that it can meet the 

needs of diverse industrial applications in terms of toughness and hardness. 

The chemical composition of the HCCI is very carefully engineered to give chromium the 

master role over all alloying elements. In addition to chromium and carbon, molybdenum 

contributes to improvements in carbide phase stability and corrosion resistance (Scandian et 

al., 2009; Du et al., 2024). These elements interact favourably during solidification to allow 

easy formation of hard chromium-rich carbides within the austenite matrix. The resulting 

microstructure is beneficial for applications necessitating wear resistance and corrosive 

environments. Therefore, it lends importance to the setting of precise control on the chemical 

composition, since minor variations may affect the phase stability and carbide morphology 

greatly. This microstructural control translates directly into performance under harsh 

conditions, which explains the wide adoption of HCCI across various South African industries. 

High-chromium cast irons in South Africa are widely utilised in industries such as mining, 

petrochemical, and milling due to their exceptional performance in harsh operational 

conditions (Tang et al., 2011; Goto et al., 2023; Panichkin et al., 2023). In such demanding 

environments, materials must possess the ability to endure extreme mechanical and chemical 

stresses. Conventional steel, when exposed to abrasive particles and high loads, erodes rapidly 

(Islam et al., 2015). In contrast, HCCI, with its robust chemical composition and superior 

microstructural properties, provides a more durable solution for such applications. 

In the petrochemical industry, HCCI is extensively used in critical infrastructure components 

such as valves and piping, which are exposed to aggressive chemically reactive media. The 

high chromium content of HCCI enables the rapid formation of a protective oxide layer, 

ensuring metastable passivation that enhances resistance to internal temperature fluctuations 

and prevents rapid degradation (Tang et al., 2009; Akinribide et al., 2022; Goto et al., 2023). 

This dual capability of withstanding both mechanical and chemical challenges makes HCCI a 

crucial material for applications requiring reliability and durability. Consequently, its use in the 
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petrochemical sector highlights its adaptability across various environmental conditions. The 

advantage of HCCIs is their diverse applicability in different environments beyond just 

chemical resistance. The wear and impact performance of HCCIs also play a major role in 

heavy-duty operations.  

Another key application of HCCI is in milling operations, where wear resistance and impact 

toughness are critical. Milling components manufactured from HCCI experience continuous 

mechanical stress and abrasive wear, necessitating superior frictional properties, hardness, and 

ductility (Guitar, Nayak, et al., 2020; He et al., 2024; Ji et al., 2024). The fine dispersion of 

hard carbides within the microstructure of HCCI plays a significant role in enhancing wear 

resistance (Chung et al., 2013). This microstructural advantage extends the service life of 

milling components, reducing maintenance requirements, minimising unscheduled shutdowns, 

and ultimately improving operational productivity. 

The superior durability of HCCI in extreme environments further demonstrates its exceptional 

performance across a range of industries. Jain et al. (2021), TrepczyŒska-Ğent et al. (2021), and 

Zhao et al. (2024) report that this alloy is particularly well-suited for settings where materials 

must endure high temperatures, corrosive atmospheres, and severe abrasive wear. The extended 

lifespan of HCCI components and the reduction in the need for frequent replacements 

contribute to significant cost savings. From a financial perspective, this makes HCCI a viable 

investment for industries requiring robust, long-lasting materials that support seamless 

operational efficiency. 

HCCI also enhances operational reliability in extreme working conditions, from exposure to 

corrosive gases to heavy mechanical loads. Equipment manufactured from HCCI is less likely 

to fail under harsh conditions, thereby reducing the risk of catastrophic breakdowns, improving 

safety, and avoiding costly downtime (Yang & Li, 2012; Guo et al., 2021). The unique chemical 

composition of the alloy offers superior protection against surface degradation and prolonged 

exposure to aggressive environmental factors (Wu et al., 2025). This reliability is particularly 

vital in industries where continuous operation is necessary, and interruptions result in 

substantial financial losses and safety hazards. Furthermore, HCCI can be processed and 

altered through various techniques, including casting, heat treatment, and surface modification 

through compositional manipulation, to enhance its properties for specific industrial 

applications. The ability to tailor the microstructure of HCCIs through controlled cooling rates 

and heat treatment allows for the optimisation of the carbide morphology, striking a balance 
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between hardness and toughness (Abdel-Aziz et al., 2017; Guitar et al., 2020). This processing 

versatility ensures that HCCI can be adapted to meet the stringent demands of diverse industrial 

environments. In addition to its technical benefits, HCCI is a sustainable material due to its 

longevity and low maintenance requirements, which significantly reduces the need for frequent 

replacements (Goto et al., 2023; Panichkin, Kenzhegulov, et al., 2023). This contributes to 

lower raw material consumption, energy usage, and waste generation, aligning with 

environmental sustainability goals. Moreover, the recyclability of cast iron further enhances its 

environmental viability, making it a responsible choice for industries committed to resource 

efficiency and long-term sustainability (Mitterpach et al., 2017; Monteleone et al., 2024). 

In conclusion, the unique chemical composition of HCCI, characterised by high chromium, 

carbon, and other key alloying elements, underpins its outstanding performance in highly 

demanding South African industrial applications. The resulting microstructure provides 

excellent wear resistance, hardness, and corrosion protection. Additionally, the ability of the 

alloy to adapt in processing and its cost-effectiveness reinforce its importance in modern 

industrial applications (He et al., 2024; Ji et al., 2024). As industries continue to evolve, 

focusing on robust and durable materials, HCCI remains indispensable for applications that 

demand high wear resistance, corrosion protection, and mechanical strength, while also 

aligning with economic and sustainability considerations. 

2.3 Microstructural Characteristics of HCCIs 

The formation of an austenitic matrix interspersed with primary dendrites and eutectic mixtures 

containing various hard carbides in high-chromium cast iron (HCCI) is a result of its complex 

solidification behaviour and superior mechanical properties. The austenitic matrix has a face-

centred cubic (FCC) structure, which enhances the ductility and toughness of the alloy. The 

dendritic morphology, in contrast, arises due to the rapid growth of primary austenite as the 

temperature falls below the liquidus point (Pokusov§ et al., 2016; Nayak et al., 2022; Salawu 

et al., 2022). A combination of these microstructural features is crucial in achieving an optimal 

balance between hardness and toughness in HCCI. 

The cooling kinetics during solidification play a significant role in determining the morphology 

of the microstructure. Higher cooling rates promote the formation of a finer dendritic structure 

with a more uniform eutectic carbide distribution, whereas slower cooling rates result in coarser 

microstructures with potential porosity and segregation. Chen et al., (2006) and Huang et al., 

(2019). The kinetics of nucleation and growth during solidification influence the final size and 
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distribution of these microstructural features. The incomplete liquid-to-solid phase 

transformation leads to a eutectic reaction, producing a mixture of austenite and a hard carbide 

phase, which is fundamental in enhancing the wear resistance of HCCI. 

Cui et al. (2016), Li et al. (2016), and Oanh & Viet (2020) discuss the types of carbides typically 

found in hypoeutectic HCCIs. Among the commonly occurring carbides, M C  and M C  are 

the most prominent, each exhibiting distinct morphologies and distributions. M C  carbides 

typically form irregular blocky or network-like structures within the austenitic matrix, 

imparting exceptional hardness and high resistance to abrasion. In contrast, M C  carbides are 

typically smaller, finer, and rounder in morphology and play a crucial role in enhancing wear 

resistance while improving toughness by aiding in crack arrest during impact loading (Xu et 

al., 2023). However, excessive volume of secondary carbides can have a negative effect on the 

toughness of the material, causing it to fracture in a brittle manner. Both carbide phases 

contribute significantly to the overall mechanical strength of the alloy. The carbides present in 

HCCI significantly contribute to its mechanical performance due to their exceptional hardness, 

resistance to corrosion, and wear resistance. (Yang & Li, 2012; Guo et al., 2021). 

The control of these microstructural properties is primarily achieved by adjusting the chemical 

composition of the alloy. Elements such as molybdenum (Mo), silicon (Si), and vanadium (V) 

influence carbide stability and formation kinetics by segregating during solidification, thereby 

promoting specific carbide types (Mampuru et al., 2016; Ngqase & Pan, 2020; Liu et al., 2020). 

Mo encourages the formation of M C and M C  carbides, which enhance secondary hardening 

and toughness while refining the morphology of M C  carbides. Si promotes the formation of 

M C  carbides, increasing their volume fraction and refining their distribution, improving wear 

resistance but potentially reducing toughness. Vanadium, being a strong carbide former, 

favours the formation of MC carbides, which are extremely hard and contribute significantly 

to wear resistance while also refining M C  carbides to enhance toughness and crack resistance. 

Ni primarily stabilises the austenitic matrix, improving toughness and corrosion resistance, 

while Cu acts as a solid-solution strengthener, refining the microstructure and enhancing 

mechanical properties without significantly affecting carbide formation. The combined effects 

of these elements allow for precise control of the microstructure, optimising the balance 

between hardness, strength, and durability in industrial applications (Mampuru et al., 2016; 

Ngqase & Pan, 2020; Liu et al., 2020). Cooling rate continues to be a key factor in shaping the 

microstructure of HCCIs. Faster cooling leads to finer dendritic structures and a more 

homogeneous carbide distribution, improving overall mechanical properties (Panichkin et al., 
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2023; Du et al., 2024). Conversely, slower cooling facilitates the formation of coarser carbides 

and promotes segregation, which may reduce toughness. However, subsequent heat treatments 

and tempering can modify these microstructural features to achieve a balance between hardness 

and impact resistance, refining carbide morphology and matrix characteristics. 

The synergy between the austenitic matrix and carbides is crucial for the mechanical behaviour 

of HCCIs under stress. The hard carbides act as reinforcements within the softer matrix, 

effectively resisting plastic deformation and wear (Cui et al., 2016; Goto et al., 2023; 

Panichkin, Kenzhegulov, et al., 2023). The combination of hard and soft phases results in a 

structure that provides excellent resistance to abrasion while maintaining resilience against 

impact loading. The effectiveness of this reinforcement is largely dependent on the size, 

morphology, and spatial distribution of the carbides, which are in turn governed by the chemical 

composition and thermal history of the alloy. The inherent complexity of HCCI microstructures 

necessitates advanced characterisation techniques to evaluate their formation, evolution, and 

influence on mechanical properties. Techniques such as scanning electron microscopy (SEM) 

and energy-dispersive spectroscopy (EDS) enable researchers to analyse carbide morphology 

and matrix characteristics in detail (Bedolla-Jacuinde et al., 2005; Wiengmoon et al., 2005; 

Salawu et al., 2022). These analytical tools provide insights into the conditions that influence 

microstructural development, forming the basis for alloy design modifications aimed at 

improving performance in demanding applications. 

In summary, the microstructure of HCCI is defined by the interplay between the austenitic 

matrix and various carbide phases, particularly M C  and M C . The formation of these 

microstructural constituents is governed by alloy composition, cooling rate, and heat treatment, 

all of which determine the final mechanical properties of the alloy (Boldyrev et al., 2023; 

Gundlach and Tartaglia, 2024). By optimising these parameters, HCCIs can be tailored for 

specific industrial applications, offering an exceptional balance of wear resistance, hardness, 

and toughness. The intricate relationship between microstructural features and the resulting 

mechanical characteristics remains central to the continued development and enhancement of 

HCCI in modern manufacturing. 

2.4 Solidification and Cooling Curve Analysis of HCCIs 

The solidification process of HCCI is complex, as it directly influences the final microstructure 

and mechanical properties of the material. According to DoỲan et al. (1997) and Bedolla-

Jacuinde (2001), for hypoeutectic HCCIs, the solidification process follows the below process: 



ΝΤ 
 

The beginning of the solidification process is marked by the nucleation and development of 

primary austenite (ɔ) dendrites as the temperature falls below the liquidus point. This results 

from the lower carbon content of the hypoeutectic HCCIs than the eutectic composition, which 

first forms austenite from the melt. These dendrites keep growing as cooling proceeds, draining 

the surrounding liquid of chromium and carbon. Once the temperature reaches the eutectic 

point, the remaining liquid undergoes a eutectic transformation, solidifying into a mixture of 

austenite and primary and eutectic M C  carbides. This eutectic phase forms in the 

interdendritic regions. The final microstructure consists of a eutectic carbide network of 

carbides embedded in primary austenite dendrites; the solidification rate controls the 

distribution and form of these phases. Additionally, Chen et al. (2006) and Huang et al. (2019) 

report that slower cooling can lead to coarser carbide networks and enhanced segregation, 

while faster cooling rates refine the dendritic structure and generate finer, more uniformly 

dispersed carbides, hence improving mechanical characteristics. They add that higher cooling 

rates promote the formation of a finer dendritic structure with a more uniform eutectic carbide 

distribution, whereas slower cooling rates result in coarser microstructures with potential 

porosity and segregation. The kinetics of nucleation and growth during solidification influence 

the final size and distribution of these microstructural features. The incomplete liquid-to-solid 

phase transformation leads to a eutectic reaction, producing a mixture of austenite and a hard 

carbide phase, which is fundamental in enhancing the wear resistance of HCCI. When studying 

the microstructure under the SEM, the austenite dendrites usually show as the light phase, while 

the carbides show as the dark phase due to differences in their atomic number contrast (Z-

contrast) and electron backscatter efficiency (Purevdorj et al., 2024). Austenite, being rich in 

iron (Fe) and nickel (Ni), has a higher average atomic number than carbides, which contain 

elements like chromium (Cr) and carbon (C). Since higher atomic number regions backscatter 

more electrons, they appear brighter in backscattered electron (BSE) imaging. In contrast, 

carbides, which have a lower overall atomic number and different electron density, scatter 

fewer electrons and thus appear darker in SEM images, as shown by Bedolla-Jacuinde et al., 

(2005) in Figure 2.1.  
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Figure 2.1: Typical SEM image contrasting on the matrix and the carbides(Bedolla-Jacuinde 

et al., 2005). 

By analysing the cooling curve, key factors such as the onset of solidification, latent heat 

release, and microstructural changes over time can be understood (Yang & Li, 2012; Gong et 

al., 2017). The rate at which heat is removed from the melt also plays a crucial role in 

determining microstructural characteristics such as dendrite arm spacing and carbide 

distribution, both of which are essential for achieving the desired mechanical properties of 

HCCI (Xia et al., 2011; Zhao et al., 2013; Wan et al., 2021). The cooling rate is a significant 

factor in shaping the microstructure, affecting the size, morphology, and distribution of key 

features within the alloy. Faster cooling rates promote a higher nucleation rate while limiting 

dendritic arm growth, resulting in a finer dendritic network with small secondary dendrite arm 

spacing (Stann et al., 2021; Wan et al., 2021; Yulianto et al., 2021). This microstructural 

refinement enhances mechanical properties such as strength and wear resistance. Conversely, 

slower cooling rates allow for extended dendrite growth, leading to coarser microstructures 

with larger dendrite arm spacing, which can reduce the overall mechanical performance of the 

alloy (Xia et al., 2011; Zhao et al., 2013; Wan et al., 2021). Experimental studies confirm that 

secondary dendrite arm spacing is inversely proportional to the cooling rate, emphasising the 

need for precise thermal control during casting (Panichkin et al., 2023; Goto et al., 2023; Du et 

al., 2024). Additionally, the level of undercooling, where the temperature of the melt drops 

below the equilibrium liquidus temperature, influences the number of nucleation sites. A higher 

undercooling level promotes fine microstructures by increasing nucleation density, whereas a 
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lower undercooling level results in coarser microstructures due to slower phase growth 

(Kopycinski et al., 2014; Wan et al., 2021; Siekaniec et al., 2022). 

Another key aspect influenced by the cooling rate is carbide formation and distribution. During 

solidification, solute elements such as chromium and carbon partition between the growing 

austenite and the remaining liquid, leading to carbide precipitation. This solute segregation 

determines the formation of M C  and M C  carbides, which play a significant role in the 

hardness and wear resistance of the alloy (Ma et al., 2006; Scandian et al., 2009; Boldyrev, 

2023). Rapid cooling reduces diffusion time, promoting the formation of finely distributed 

carbides that improve mechanical performance, such as hardness, by hindering crack 

propagation. On the other hand, slower cooling allows for prolonged diffusion, resulting in the 

growth of coarser carbides, which can increase stress concentration points and reduce 

toughness (Baharudin et al., 2022; Strobl & Haubner, 2020; Yulianto et al., 2021). Proper 

control of the cooling rate ensures a carbide morphology that balances wear resistance with 

mechanical stability. 

The cooling curve also provides insights into phase transformations that occur during 

solidification. As the alloy cools, latent heat is released at nucleation sites, slowing the cooling 

rate and forming thermal arrests, which appear as plateaus or inflection points in the cooling 

curve (Guo et al., 2021; He et al., 2024; Zhao et al., 2024). The magnitude of these thermal 

arrests reflects the kinetics of solid-phase transformations and microstructural evolution. A 

strong thermal arrest suggests a high volume fraction of primary phases, whereas rapid cooling 

with minimal latent heat release results in finer microstructures. The eutectic reaction, where 

austenite and carbide phases crystallise simultaneously, is also influenced by cooling rates. 

Faster cooling rates promote a fine eutectic network that enhances wear resistance and impact 

toughness, while slower cooling results in coarser eutectic structures that may reduce 

mechanical performance such as corrosion resistance. By carefully analysing the cooling curve, 

it is possible to control the eutectic reaction to ensure a uniform phase distribution and improve 

material durability through manipulation of compositions (Ma et al., 2006; Du et al., 2024; Guo 

et al., 2021; Panichkin et al., 2023).  

Non-equilibrium solidification is another important consideration in the formation of HCCI 

microstructures, particularly under rapid cooling conditions where limited diffusion leads to 

solute segregation and the formation of metastable phases. These phases can enhance hardness 

and wear resistance, but they may also reduce ductility and toughness when forming continuous 



ΞΜ 
 

networks that act as stress concentrators (Yulianto et al., 2021; Boldyrev, 2023; Gundlach and 

Tartaglia, 2024). The cooling curve helps identify optimal temperature ranges for controlling 

metastable phase formation, making it possible to design heat treatment processes that either 

retain or suppress these phases depending on the specific application requirements. 

Beyond its role in understanding microstructural development, the cooling curve is also 

valuable in industrial applications where optimising cooling rates can lead to significant 

improvements in component consistency and mechanical performance. By refining 

solidification processes, manufacturers can reduce material waste and limit the need for 

extensive post-casting treatments. The insights gained from cooling curve analysis can also 

enhance simulation models for casting operations, enabling more efficient and cost-effective 

production methods. Advanced thermal analysis techniques, such as differential thermal 

analysis (DTA) and thermocouple-based monitoring, allow for real-time tracking of cooling 

behaviour, making it easier to predict and control microstructural evolution. These methods 

provide manufacturers with better control over cooling rates, allowing them to develop HCCI 

components with enhanced wear resistance, strength, and overall durability. 

2.5 Influence of Cr/C Ratio on the Microstructural Evolution of HCCIs 

The microstructural evolution of high-chrome cast iron is significantly influenced by variations 

in the chromium-to-carbon (Cr/C) ratio, which directly affects the formation of different phases 

and the distribution of carbides. Studies have shown that changes in the Cr/C ratio result in 

substantial modifications to the matrix composition, carbide morphology, and mechanical 

properties of HCCI. When the chromium content is higher than the carbon content, the matrix 

is more stabilised as austenite, leading to the formation of complex chromium-rich carbides. In 

contrast, a lower Cr/C ratio, where carbon content is relatively higher, promotes the formation 

of larger and more extensive carbide microstructure (Kootsookos & Gates, 2004; Guo et al., 

2021). The Cr/C ratio is a key factor in balancing the volume fraction, size, shape, and 

distribution of carbides within the matrix, which ultimately determines the hardness, wear 

resistance, and toughness of the alloy (Guo et al., 2021). Achieving the optimal Cr/C ratio is 

critical for fine-tuning HCCI to meet the demands of abrasive and corrosive environments, 

ensuring a balance between strength and durability. 

The interaction between chromium and carbon plays a crucial role in the nucleation and growth 

of carbides during solidification. When these elements are present in the right proportions, they 

react to form a variety of hard carbides, such as M C  and M C, which significantly improve 
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wear resistance. Research dating back by Inthidech & Matsubara (2008) and Wiengmoon et 

al., (2011)to recent studies by Lou et al. (2016), Du et al. (2024), and Liu et al., (2025) have 

shown that a higher Cr/C ratio results in finer carbides that are evenly distributed throughout 

the microstructure, reducing stress concentration sites and improving crack resistance. This 

effect occurs because chromium has a strong affinity for carbide formation, while carbon serves 

as a fundamental building block for these phases. As a result, a well-controlled Cr/C ratio 

promotes a fine eutectic structure, which enhances mechanical performance by improving 

hardness, strength, and impact resistance. The balance between Cr and C not only improves 

wear properties but also ensures that the matrix and carbides work together, preventing 

excessive brittleness. 

The solidification behaviour of HCCI is also modified by changes in the Cr/C ratio, which 

influences the final microstructure. In alloys with a high Cr/C ratio, primary austenite forms at 

a higher temperature, followed by eutectic reactions that enrich the remaining liquid with 

carbon, leading to the formation of secondary carbides. This microstructural network enhances 

abrasion and impact resistance, as shown in studies by Ma et al., (2011) early on and later 

reinforced by Ortega-Cubillos et al., (2015) and Guo et al. (2021), and the presence of high 

chromium concentrations can also lead to the formation of metastable phases, which later 

transform into stable, hard carbides upon cooling. A higher Cr/C ratio typically results in a 

more uniform carbide distribution, improving structural integrity, whereas a lower Cr/C ratio 

often leads to coarse and uneven carbide dispersion, increasing local stress concentrations and 

reducing toughness. Thus, adjusting the Cr/C ratio is essential for tailoring HCCI 

microstructures to suit specific industrial applications. 

Experimental studies have demonstrated that even small changes in the Cr/C ratio can have a 

significant impact on phase formation and mechanical properties. When the Cr/C ratio drops 

below a critical threshold, typically around 8, the microstructure becomes coarse, consisting of 

large carbides within a coarser austenitic matrix, which may lead to reduced wear resistance 

(Panichkin et al., 2023; Du et al., 2024; Liu et al., 2025). On the other hand, optimised Cr/C 

ratios produce finer, well-distributed carbides, which enhance mechanical strength. Finely 

dispersed carbides act as barriers against wear and abrasion, while the matrix retains sufficient 

ductility to absorb impact energy, improving overall toughness. This highlights the importance 

of carefully controlling the Cr/C ratio to ensure both phase stability and optimal mechanical 

performance. Small variations in composition can significantly affect the service life and 

reliability of HCCI components in harsh industrial environments. 
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The influence of the Cr/C ratio on carbide morphology has been extensively analysed using 

scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). These 

techniques allow researchers to examine how variations in the Cr/C ratio affect carbide size, 

shape, and distribution. Studies by Pourasiabi & Gates (2022) and Liu et al. (2025) show that 

a higher Cr/C ratio leads to a finer carbide network with a dominating matrix, reducing the risk 

of stress concentration and crack initiation. Finer carbides improve hardness and wear 

resistance, as they restrict dislocation movement within the matrix. Conversely, a lower Cr/C 

ratio results in larger, coarsely distributed carbides, which act as crack initiation sites, reducing 

impact toughness (Yang et al., 2007; Liu et al., 2025). These findings reinforce the necessity of 

strict alloy composition control to ensure that the microstructural attributes of HCCI are 

suitable for heavy-duty applications. 

The synergistic effects of chromium and carbon also influence phase stability and 

transformation kinetics. These elements not only determine carbide type and distribution but 

also affect the eutectic reaction during solidification. Research by Sasaguri et al. (2019), Oanh 

& Viet (2020), and Liu et al. (2025) has shown that an optimal Cr/C ratio accelerates eutectic 

transformation, leading to a finely intermixed microstructure of austenite and carbide phases. 

Faster eutectic reactions result in more uniform carbide dispersion, improving mechanical 

strength and minimising segregation effects. However, deviations from the optimal Cr/C ratio 

slow down the eutectic reaction, increasing microstructural inhomogeneity, which negatively 

impacts mechanical properties. These findings highlight the importance of maintaining a 

precise balance between Cr and C to ensure structural integrity and performance. 

The Cr/C ratio also affects the response of HCCI to heat treatment processes such as quenching 

and tempering. Adjusting the Cr/C ratio can refine carbide networks and improve matrix 

properties, making the material more responsive to thermal treatments. A well-balanced Cr/C 

ratio during tempering promotes the precipitation of secondary carbides, which enhances 

toughness without compromising hardness (Ma et al., 2006; Ai et al., 2011; Tang et al., 2017). 

Conversely, an incorrect Cr/C ratio can lead to the formation of unwanted phases or carbide 

coarsening, which reduces overall mechanical performance (Tang et al., 2017; Zhang et al., 

2022). Therefore, maintaining an optimal Cr/C ratio is crucial not only during solidification 

but also throughout post-processing treatments. 

With the advancement of computational modelling, tools like Thermo-Calc are now being used 

to predict phase formation and carbide distribution as a function of alloy composition and 
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cooling rate. Recent studies by Siekaniec et al. (2022) and Sudhakar et al. (2022) have 

demonstrated how Thermo-Calc can model the relationship between Cr/C ratio and 

microstructural parameters, allowing for better alloy design and optimisation. By combining 

experimental data with simulation techniques, researchers can gain a deeper understanding of 

how chromium and carbon influence microstructural refinement, ultimately improving the 

wear resistance, hardness, and durability of HCCI in demanding industrial environments. 

2.6 Theoretical Framework: Thermodynamic and Kinetic Principles in 

HCCIs 

A comprehensive theoretical framework is necessary for studying HCCIs. Such a framework 

must cover the fundamentals of both thermodynamics and kinetics as they apply to phase 

transformations. In essence, processes occurring during solidification in HCCI are determined 

by the thermodynamics governing the phase-transforming forces, as well as by the atomic 

rearrangement kinetics. In this context, the state variable of grain boundary energy plays a 

paramount role in determining the metastability of phases under given temperature and 

composition conditions. Zhang et al. (2011), and later on Zhang & Yang (2018) and Ware et al. 

(2020) discuss that grain boundaries in high-chromium cast iron have excess free energy, which 

encourages grain growth and structural changes, especially during high-temperature 

treatments. This energy comes from the misalignment of atomic structures at the grain 

boundaries, making them unstable compared to the grains themselves. During solidification, 

this energy drives grain coarsening, where smaller grains merge into larger ones to reduce 

overall boundary area and energy (Flemings, 2005; Zhang et al., 2010). However, grain 

boundaries can become trapped in metastable states due to factors like composition segregation 

or the complex geometry of the microstructure. Elements such as chromium (Cr), molybdenum 

(Mo), and vanadium (V) can segregate at grain boundaries, altering their mobility and 

stabilising certain boundary structures. Additionally, the presence of carbides at grain 

boundaries can restrict their movement, slowing down grain growth and affecting the final 

microstructure. This theoretical framework explains how grain boundary energy influences the 

solidification kinetics of high-chromium cast iron, controlling the final grain size, carbide 

distribution, and mechanical properties of the alloy (Zhang et al., 2010; Zhang & Yang, 2018; 

Ware et al., 2020). 

Classical nucleation theory describes the process of new phase formation in the matrix. This 

theory is also based on thermodynamics, whereby nucleation, per dictionary definition, is 

thought to occur when the free energy barrier to the formation of any nucleus is overcome 
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(Siekaniec et al., 2022; Sudhakar et al., 2022). The nucleation of primary austenite and 

secondary carbides in HCCI, therefore, can be promoted by undercooling, which is itself 

referred to as the concentration of alloying elements in the chamber, like chromium or carbon. 

The nucleation rate can be represented as an exponential function of the free energy barrier, 

where interfacial energy and temperature act as key parameters. Once nucleated, these new 

phases grow through atomic accretion from the matrix surroundings, a process substantially 

dominated by diffusion. The kinetics of this growth can be described by diffusion equations 

combining temperature-dependent atomic mobility. When the nucleation rate and growth rate 

are coupled together, they provide a clear picture of the phase transformation in HCCI and how 

microstructure features like dendrite arm spacing and carbide size are controlled by cooling 

rate and material species (Panichkin et al., 2023; Goto et al., 2023; Boldyrev, 2023). 

From the perspective of the complex microstructural evolution of HCCI, diffusion plays an 

essential role in the transformation stage, particularly when the carbide phase is formed. The 

carbide phase has been the basic growth in carbon and chromium atoms diffusing into the 

austenitic parent phase after initial nucleation of carbon components. These diffusion-

controlled growth processes in metals can be described in terms of the Fick's laws governing 

the movement of atomic species driven by concentration gradients (Ernst et al., 2007; Li et al., 

2014; Yulianto et al., 2021). High diffusivity following extremely fast cooling is modelled in 

limited diffusion time and the precipitation of ultra-fine carbides; the diffusion of slower 

cooling conditions introduces greater atomic mobility, leading to the coarsening of the carbide 

precipitates (Huang et al., 2019). These diffusion-controlled mechanisms become further 

complicated by the interactions of additional alloying elements in the alleviation or retardation 

of atomic diffusion dependent on individual diffusivities or what chemically interacts with the 

solid matrix. (Geng et al., 2020; Liu et al., 2023). A clear understanding of these subtle but 

important diffusion phenomena provides a rational basis for predicting and influencing carbide 

size, shape, and distribution, all critical parameters that determine wear and toughness 

properties of HCCI. 

In HCCI, the interaction between the formation of austenite and the precipitation of carbides 

has great significance as far as mechanical properties are concerned, as the balance between 

the two largely determines the mechanical properties. In other words, thermodynamic 

equilibriums, as prescribed by the phase diagrams, are assumed to be disturbed during fast 

cooling, leading to nonequilibrium phase transformations that call for a detailed description in 

kinetics as well as the equilibrium state. The integration of thermodynamics and appropriate 
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kinetic models becomes the backbone of contemporary alloy design and processing in HCCI. 

The "first cut" done by the phase diagram analysis (Figure 2.2) builds the centric tool in 

understanding FeïCrïC, the multimodal systems that undergird the behaviour of HCCI.

 

Figure 2.2: Simplified typical phase diagram 

(https://www.niobelcon.com/NiobelCon/niobium/niobium_in_cast_iron/). 

 

Phase diagrams provide a representation of equilibrium phase formation as a function of 

temperature and composition, hence granting insights into ranges of austenite stability such as 

various carbide phases like M C  and M C  (Li et al., 2009; Li et al., 2021; Sudhakar et al., 

2022). In the case of HCCI, the remarkably high proportion of chromium in the matrix readjusts 

the phase boundaries relative to those of conventional cast irons, thereby enhancing the 

propensity for carbide formation. A variety of software, such as ThermoCalc, is frequently 

employed in simulating these phase equilibria under conditions of equilibrium and non-

equilibrium to forecast where the precipitation of carbides begins and the evolution of 

microstructure will thereafter take place with the cooling (Fan et al., 2020). In practice, one of 

the critical features offered through these simulations is the ability not only to validate the 

cooling rates observed in the laboratory but also to understand the effect on any single 

compositional adjustment for enhancing the metastability of phases. By comparing the results 

with experimental cooling curves, one could make important alloy compositions for good 

mechanical properties, thus bridging the gap between predictions and actual procedures. 

https://www.niobelcon.com/NiobelCon/niobium/niobium_in_cast_iron/
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The non-equilibrium solidification theory plays a very important role in investigating HCCI, 

as in real industrial casting, many times the normal equilibrium state is not reached. The 

kinetics of atomic diffusion are not fast enough to keep the system in equilibrium once fast 

cooling starts; hence, micro-segregation and metastable phase precipitation occur (Wan et al., 

2005; Inden, 2007; Liu et al., 2021; Deschamps & Hutchinson, 2021). These HCCI phenomena 

are further enhanced by the competition between nucleation and growth during rapid cooling, 

promoting a fine dendritic microstructure with finely networked carbides. The concept of 

undercooling, that is to say, the difference between the actual temperature for the mass of the 

melt and that expected under equilibrium liquidus temperature, is also a crucial factor for 

promoting nucleation. Whenever a melting solid undergoes a higher extent of undercooling, 

the nucleation rate would be expected to increase proportionately (Liu et al., 2021; Lu et al., 

2023), thereby ensuring that the microstructures are homogenous and fine in order to increase 

performance. Rapid solidification also reduces the time for atomic-liquid diffusion to take place 

and thus favours non-equilibrium phase distributions, which, however, come under control by 

manipulating processing parameters. Non-equilibrium solidification theory, therefore, 

describes the microstructural evolution in HCCI and stands to be beneficial for designing 

improved casting techniques that might enhance the steel mechanical properties by means of 

the fast-cooling method (Yulianto et al., 2021; Boldyrev, 2023; Gundlach & Tartaglia, 2024). 

Cooling curves (Figure 2.3) turn out to be significant with regard to linking thermal history 

with microstructural evolution in HCCI. Essentially, the temperature-versus-time plot during 

the solidification process is identified by these curves, revealing the underlying transformation 

kinetics (Panichkin et al., 2023; Goto et al., 2023; Du et al., 2024). The shape and inflection 

points of the cooling curve tell tales of significant thermal events involving the onset of 

nucleation, latent heat, and the progress of such eutectic reactions.  

The thermocouples are invaluable assets that form a digital map for all those events by being 

coupled to software like ThermoCalc or Nova. For instance, during a plateau on the cooling 

curve, there is only the release of latent heat during a phase transformation, which potentially 

holds the crux as to the kinetics of that transformation (Lu et al., 2023; Umantsev, 2023; 

Lapcikova et al., 2024).  
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Figure 2.3: A typical cast iron solidification cooling curve. 

(Rudolf. (2002) 

Principally, analysing cooling curves allows inventing the cooling rate, a variable that directly 

influences dendrite arm spacing and carbide precipitation. A faster cooling rate, because of the 

increased number of nucleation sites, results in a finer microstructure, and slow cooling allows 

the growth of coarser features due to excessive diffusional times (Guo et al., 2016; Oanh & 

Viet, 2020; Guo et al., 2021). These distinctly sighted evaluations on heat transfer ease casting 

design and refine properties of HCCI.  

Cooling curve analysis is a widely used technique for studying the solidification behaviour of 

cast irons, but it has several important limitations when applied to high-chromium cast irons 

(HCCIs). These alloys are particularly sensitive to changes in chemical composition, including 

minor alloying elements, which can greatly influence the solidification path and resulting 

microstructure. As shown by Stan et al. (2023) and Le Nu® et al. (2024), even small variations 

in chromium and carbon content can lead to discrepancies between predicted and actual phase 

formations. For example, Le Nu® et al. (2024) demonstrated that lowering the cooling rate after 

destabilisation heat treatment in hypoeutectic HCCI led to more extensive secondary carbide 

formation. This, in turn, depleted carbon in the austenite, raised the martensite start 

temperature, and lowered bulk hardness, an effect not easily detected using standard cooling 

curve analysis alone. 
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Another major limitation lies in how cooling curves interpret undercooling and eutectic 

reactions. The degree of undercooling during solidification, which is heavily influenced by 

cooling rate and mould type, affects not only the final microstructure but also defect formation 

such as micro-shrinkage or excessive carbide precipitation. Stan et al. (2012, 2017) discussed 

how undercooling below the metastable equilibrium temperature can lead to increased 

formation of contraction-related defects, especially in green sand moulds due to their less rigid 

nature and higher cooling rates. While cooling curves and their first derivatives can show 

general patterns for quality control, they are not sufficient for capturing the complexity of phase 

interactions in HCCIs, particularly under industrial conditions. 

Furthermore, cooling curve analysis alone cannot reliably account for the full range of 

microstructural complexity present in high-Cr irons. These materials typically include a mix of 

primary austenite, eutectic carbides, martensite, pearlite, and secondary carbides. Because 

these phases can form at overlapping or similar temperature ranges and in very small volumes, 

cooling curve signals may miss or misrepresent them entirely. This is especially true in thin-

walled castings, where higher cooling rates cause greater undercooling, promoting unexpected 

carbide formation or a higher fraction of pearlite. Such microstructural changes can drastically 

alter mechanical properties but may not be obvious from cooling curves alone. 

To address these limitations, researchers increasingly rely on complementary techniques such 

as dilatometry, microstructural analysis (e.g., SEM and EBSD), hardness testing, and 

thermodynamic simulations. As noted by Prasanna Kumar et al. (2014), standard cooling curve 

analysis methods, along with tests like the Jominy end-quench, often fail to reflect the actual 

cooling conditions encountered in industrial quenching. Their development of the Reference 

Quench Probe allows for in-plant testing under real conditions, using specimens of the same 

grade and thickness as industrial components. This tool, combined with a suite of mathematical 

models, accurately estimates localised cooling rates, microstructure, and hardness, providing 

more reliable data for heat treatment design and quality assurance. Similarly, phase prediction 

tools such as Thermo-Calc can assist in modelling solidification and phase transformation more 

accurately than cooling curves alone. 

This shows that while cooling curve analysis remains a useful tool for initial assessments, it 

lacks the resolution and flexibility needed to fully understand or predict the complex phase 

transformations in HCCIs. A more reliable approach combines thermal analysis with advanced 
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characterisation and modelling techniques to provide a complete picture of microstructure 

evolution and its effect on mechanical performance. 

Thermodynamic models form the framework for predicting phase stability and transformation 

pathways in HCCI. These models are based upon calculated values of the Gibbs free energy 

for the different phases and offer information on the stable phase assemblage as a function of 

temperature and composition. Computational tools like ThermoCalc have been widely adopted 

in the field for simulating phase diagrams in complex systems like FeïCrïC (Siekaniec et al., 

2022; Sudhakar et al., 2022; Du et al., 2024). Such phase diagrams provide insight into ranges 

of stability for austenite and carbide phases and can, in turn, provide researchers with valuable 

information about the influence of compositional changes on phase equilibria. For those 

situations where equilibrium is not established, further modulations of the thermodynamic 

models are necessary to include kinetic information for additional phase transformations, such 

as undercooling, diffusion problems, and the like. The use of thermodynamic modelling 

alongside kinetic modelling can actually give much better predictions of microstructural 

evolution during rapid solidification, which is crucially important for manufacturing processes. 

This approach enables alloy optimisation by way of exploiting these computational techniques 

for varying alloy composition and cooling rates to strike an optimal balance between wear 

resistance, hardness, and toughness in HCCI.  

In addition to experimental techniques, computational tools such as Thermo-Calc play a crucial 

role in modelling and predicting phase transformations during solidification. Thermo-Calc is 

thermodynamic software that provides insights into equilibrium and non-equilibrium 

solidification behaviour by simulating phase stability, solute segregation, and carbide 

precipitation under different cooling conditions (Yulianto et al., 2021; Boldyrev, 2023; 

Gundlach and Tartaglia, 2024). The software enables researchers to model the effects of alloy 

composition on microstructural evolution and helps determine the formation of primary 

austenite, carbide phases, and eutectic transformations (Akinribide et al., 2022; He et al., 2024; 

Ji et al., 2024). Thermo-Calc is particularly useful for predicting the influence of cooling rate 

on solute redistribution, microsegregation, and carbide morphology using the Scheil-Gulliver 

solidification model, which provides a realistic assessment of non-equilibrium conditions 

(Yulianto et al., 2021; Stan et al., 2021). 

Furthermore, Thermo-Calc can be combined with kinetic models to analyse phase 

transformation kinetics and the stability of metastable phases that form during rapid 
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solidification (Siekaniec et al., 2022 and Sudhakar et al., 2022). This integration allows 

manufacturers to optimise heat treatments and post-casting processing to refine carbide 

distribution, enhance wear resistance, and improve mechanical properties. By adjusting 

processing parameters such as the composition of the intended casts based on Thermo-Calc 

predictions, industries can produce HCCI components with a more refined microstructure and 

extended service life in harsh environments (Panichkin et al., 2023; Goto et al., 2023; Du et al., 

2024).  

Although Thermo-Calc is a powerful tool for predicting phase transformations, it has some 

limitations when applied to real-world solidification processes, especially under non-

equilibrium conditions. The software is designed to calculate equilibrium phase diagrams and 

phase fractions, but in reality, solidification often happens under conditions where cooling is 

too fast for equilibrium to be maintained. The Scheil-Gulliver model, which Thermo-Calc uses 

to estimate non-equilibrium solidification, assumes no diffusion in the solid phase and 

complete mixing in the liquid, which is not always true in actual casting. It does not account 

for undercooling effects, dendrite growth, or metastable phase formation, all of which influence 

carbide distribution, phase stability, and mechanical properties. Additionally, Thermo-Calc 

does not fully predict microsegregation at the microscopic level, meaning its results must be 

combined with experimental data and other modelling techniques, such as phase-field 

simulations, to get a more accurate picture of how the alloy solidifies. While Thermo-Calc is 

valuable for alloy design, its predictions should always be verified through cooling curve 

analysis and microstructural observations to ensure they reflect actual casting conditions. 

Overall, the cooling curve remains a powerful tool for understanding and controlling the 

solidification of HCCI. By analysing cooling rates, nucleation behaviour, carbide formation, 

and phase transformations, manufacturers and researchers can optimise the microstructure and 

mechanical properties of the alloy. The use of Thermo-Calc, in combination with experimental 

cooling curve analysis, provides a more comprehensive approach to alloy design and process 

optimisation. Ongoing research into solidification cooling curves and thermodynamic 

modelling will continue to refine casting processes, ensuring that HCCI remains a highly 

effective material for demanding industrial applications. 

The importance of cooling curves in complement to theoretical models cannot be overstated. 

These curves give the real-time temperature evolution during casting and bridge the theory-

experiment gap. For instance, careful analysis of these cooling curves will detail undercooling, 
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recalescence, and thermal arrest, all the while explicitly manifesting nucleation events and 

transformations (Panichkin et al., 2023; Goto et al., 2023; Du et al., 2024). The curve data and 

these models (thermodynamic and kinetic) can, in turn, help adjust the model parameters and 

refine the predictions about microstructural evolution. For example, the ThermoCalc software 

can be used in conjunction with cooling curve data in order to plot the phase diagrams due to 

the non-equilibrium state and, as a result, fast solidification that is mainly typical of industrial 

casting processes. The integrated approach not only validates theoretical models but also 

further expands its predictive capabilities so that HCCI alloys may be fabricated with 

microstructures that are truly optimised for specific applications (Siekaniec et al., 2022; 

Sudhakar et al., 2022; Du et al., 2024). 

The steps taken to characterise the phase transformations and their kinetics are the right steps 

toward understanding the phenomenon of phase transitions during solidification. These kinetic 

parameters extracted from these theoretical models will certainly have direct implications on 

the properties and mechanical performance of HCCI. Microstructures that arise from these 

models are expected to add to and modify the hardness, wear resistance, and toughness of the 

finished alloy. For instance, a refined dendrite with a high density of fine carbides impairs 

dislocation mobility and cracks in the alloy, thus enhancing the overall strength and durability 

of any component of HCCI. It is very crucial to be able to predictably generate these properties 

from a combination of thermodynamic and kinetic models for alloy design, duly meeting the 

severe requirements imposed by industrial applications such as mining, petrochemical 

processing, and milling (Panichkin et al., 2023; Du et al., 2024; Gundlach and Tartaglia, 2024). 

These predictive models would provide scientific underpinnings to establish a relationship 

between cooling rate and microstructural refinement and mechanical property improvement 

and thus provide a theoretical baseline for graduating programs in the academy and industrial 

demand. 

Furthermore, the theoretical framework presented in the preceding paragraphs is not only 

valuable in advancing our scientific knowledge of phase transformations in HCCI but could 

also be instrumental in guiding the development of practical thinking surrounding alloy design 

and process optimisation. It will be possible to tackle with greater conviction the detailed 

quantitative impact of yet another variable on this arena should classical thermodynamics, 

kinetic theories, and modern computational tools be harnessed together to properly envision 

and manage the composition of the alloy affected by interaction with cooling rates and 

microstructural evolution. Consequently, significant advancement has been made in the 
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processing of HCCI, and the cast parts show much improved functionality compared to the 

earlier wear resistance, so that toughness has become soberer because of the optimisation of 

cooling curves and nucleation and diffusion models, which now flex the strength of designing 

tailor-made for extreme industrial applications with the next generation of HCCI alloys. As 

demand for materials capable of performing with great reliability under severe conditions is 

forecasted to increase, this theoretical framework will become increasingly pivotal and will 

ignite new changes in alloy development and processing methods. 

2.7 Mechanical Properties, Wear, and Corrosion Behaviour of HCCIs. 

2.7.1 Mechanical Properties of HCCIs 

Research efforts have been directed towards understanding the mechanical, tribological, and 

corrosion properties of HCCIs, focusing on hardness, wear resistance, and fracture toughness. 

The unique microstructure of HCCI, consisting of hard carbides (M C  and M C ) dispersed 

within an austenitic or martensitic matrix, is responsible for its superior mechanical properties. 

Numerous studies, including those by Bedolla-Jacuinde et al. (2005), Abdel-Aziz et al. (2017); 

Guitar, Scheid et al. (2020) and Ngqase & Pan, (2020), have investigated the sensitivity of 

these properties to variations in alloy composition, carbide morphology, and distribution. Liu 

et al., (2025) identified an optimal Cr/C ratio range (8-11), which leads to a fine dispersion of 

carbides, enhancing hardness while maintaining a reasonable level of toughness. However, 

deviation from this range can result in coarser carbides, which negatively impact mechanical 

performance by increasing hardness at the expense of ductility and impact resistance. Refining 

microstructure to balance hardness, wear resistance, and toughness is therefore a key area of 

research in optimising HCCI for industrial applications. 

The hardness of HCCI is primarily influenced by the volume fraction, size, and distribution of 

chromium-rich carbides within the austenitic matrix. Studies by dating early on by Yang et al. 

(2009) and reinforced in recent studies by Guitar et al. (2020) have shown that higher fractions 

of finely dispersed carbides increase resistance to plastic deformation, thereby enhancing 

hardness. However, a trade-off exists, as excessive hardness may reduce ductility. Research by 

Cui et al. (2016) and Du et al. (2024) has demonstrated that smaller, more uniformly distributed 

carbides are more effective at pinning dislocations, leading to improved mechanical 

performance. Studies by Abd El-Aziz et al. (2015) and Liu et al. (2025) further confirmed that 

HCCI alloys with an optimised Cr/C ratio exhibit greater hardness than those with lower 
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chromium or carbon contents. This improvement is attributed to the finer carbide network, 

which restricts dislocation mobility, thereby increasing resistance to localised deformation. 

While hardness testing is a widely used and convenient method for evaluating the mechanical 

performance of HCCIs, relying on it alone can lead to misleading conclusions about the overall 

behaviour of the alloy, especially in complex service environments. One of the major 

limitations is that hardness does not always reflect true wear resistance. As shown by Camurri 

et al. (2021), the wear resistance of HCCI is highly influenced by the microstructure, including 

the shape, size, and distribution of carbides. In cases where alloys had significantly different 

hardness values, there was a strong correlation between hardness and wear. However, when 

different HCCI grades showed similar hardness, their wear resistance varied widely due to 

differences in carbide morphology and matrix connectivity, which hardness tests alone could 

not capture (Huang et al., 2008; Yu et al., 2021). This indicates that microstructure must be 

considered alongside hardness for a more accurate understanding of material behaviour. 

Heat treatment further complicates this relationship. Different quenching and tempering 

processes can change the microstructure, especially the balance between martensite, austenite, 

and carbides, resulting in varying hardness and toughness levels. However, these changes are 

not always straightforward. While hardness may increase after certain treatments, it can come 

at the cost of reduced toughness and higher brittleness, which is critical in applications with 

impact or dynamic loading (Liu et al., 2008; Huang et al., 2008; Yu et al., 2021). For example, 

Betti & Ataiwi (2020) showed that even though hardness was reduced by sub-ambient 

treatments, the toughness and erosive wear resistance improved, especially in HCCI samples 

treated with liquid nitrogen followed by tempering. This highlights the trade-off between 

hardness and toughness and the need to assess both properties together. 

Additionally, compositional variations, even within accepted industrial ranges, can lead to 

noticeable differences in hardness, microstructure, and wear performance. In the study by 

Nelwalani et al. (2024), slight deviations in chromium and carbon levels in HCCIs produced 

in jobbing foundries caused significant differences in microstructure, phase formation, and 

hardness, despite being within standard specifications. Using Thermo-Calc and thermal 

analysis software (ATAS MetStar), they showed that hardness and other properties were highly 

sensitive to these small changes, suggesting that chemical composition alone is not a reliable 

quality indicator without microstructural verification. 
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The lack of consistent correlation between hardness and wear resistance becomes even more 

problematic when performance testing is done under standard laboratory conditions. Many 

real-world applications of HCCI, such as in mining, cement, or petrochemical environments, 

involve abrasive slurries, high temperatures, or corrosive media. Hardness tests conducted in 

controlled lab settings do not account for these variables. Betti & Ataiwi (2020) reviewed how 

various environmental factors, such as pH, slurry velocity, temperature, and abrasive size, all 

affect HCCI wear and corrosion performance. Their work emphasised that laboratory hardness 

values alone are not enough to predict how a component will perform in the field. 

Taken together, these findings suggest that while hardness is a useful benchmark, it should not 

be the only criterion used to evaluate HCCI performance. A more comprehensive approach 

should include microstructural analysis (using SEM or EBSD), phase prediction (via Thermo-

Calc), wear testing, toughness evaluation, and environmental simulations to better capture the 

full performance of the alloy. This will ensure more reliable material selection and design, 

especially for demanding industrial applications where both wear resistance and toughness are 

essential. Recognising the limitations of hardness testing highlights the importance of 

understanding the underlying microstructure, particularly carbide morphology, which not only 

affects hardness but also plays a critical role in governing the response of the material to wear. 

As such, evaluating carbide characteristics, such as size, shape, distribution, and connectivity, 

is essential for accurately assessing the wear resistance of HCCI, especially in applications 

involving abrasion and erosion. 

While hardness provides a convenient measure of surface strength, it does not capture the 

material's ability to resist crack initiation and propagation under stress. Therefore, to fully 

evaluate HCCI performance, it is essential to also consider fracture toughness, which offers a 

deeper understanding of the alloyôs behaviour in demanding service conditions. Fracture 

toughness, which represents the ability of a material to resist crack propagation, is significantly 

influenced by the balance between hardness and ductility in HCCIs. The type of fracture mode, 

whether brittle or ductile, can be determined by examining the fracture surface characteristics 

and deformation behaviour. Brittle fracture is characterised by a smooth, flat, and granular 

fracture surface with cleavage planes and river patterns, indicating rapid crack propagation 

with minimal plastic deformation (Guo et al., 2021). This type of fracture absorbs low energy 

before failure and typically occurs in hard but brittle materials like high-chromium cast irons 

with coarse, interconnected carbides. In contrast, ductile fracture exhibits a rough, fibrous 

surface with microvoids and dimples, suggesting significant plastic deformation before failure 
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(Wiengmoon et al., 2011). Ductile fractures occur gradually, absorbing higher energy, and are 

commonly observed in tougher materials where carbides are finer and more evenly distributed. 

By analysing the fracture morphology, one can determine the fracture mode and assess the 

mechanical behaviour of the material under stress. These surface characteristics can be 

identified as seen in Figure 2.4. 

 

Figure 2.4: Characteristic fracture surfaces for different fracture modes after Charpy impact 

testing (https://www.tec-science.com/material-science/material-testing/charpy-impact-test/) 

While high hardness is essential for wear resistance, excessive hardness can make the material 

brittle, reducing its ability to withstand impact loads. Several studies indicate that an optimal 

Cr/C ratio enables a balanced microstructure, ensuring both high hardness and sufficient 

fracture toughness. Controlling excessive hardness while preventing the formation of large, 

continuous carbide networks is crucial, as these networks can act as crack initiation sites, 

leading to brittle failure (Kootsookos & Gates, 2004; Guo et al., 2021). HCCI with a moderate 

Cr/C ratio has been reported to exhibit good resistance to crack propagation under impact loads, 

as smaller carbides disrupt crack paths, dissipating energy and improving toughness. In 

contrast, suboptimal Cr/C ratios can lead to excessive carbide growth, which increases hardness 

but reduces fracture toughness, making the material more prone to brittle failure (Yang et al., 

2009; Chung et al., 2013). 

To better understand the origins of these mechanical behaviours and validate the effects of Cr/C 

ratio on fracture toughness, detailed microstructural characterisation techniques have been 

employed. Microstructural characterisation techniques such as scanning electron microscopy 

(SEM) and energy-dispersive spectroscopy (EDS) have been employed to provide detailed 
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insights into the relationship between microstructure and mechanical properties. These 

analyses confirm that carbide distribution and morphology have a direct impact on fracture 

behaviour. High-resolution SEM studies by Siekaniec et al. (2022) have demonstrated that a 

uniform dispersion of M C  carbides enhances hardness and wear resistance, whereas coarser, 

irregularly spaced carbides can lead to localised stress concentrations and premature crack 

formation. These microstructural evaluations highlight the importance of carefully controlled 

alloying and processing conditions, particularly with respect to the Cr/C ratio, in optimising 

fracture resistance and overall performance. 

Past research has demonstrated that modifying the Cr/C ratio significantly influences the 

mechanical properties of HCCI (Kootsookos & Gates, 2004; Ma et al., 2011; Tang et al., 2011). 

The advancements have also shown the same idea presented in recent studies. Both past and 

recent studies indicate that an initial increase in Cr/C ratio enhances hardness and wear 

resistance due to the formation of a dense carbide network (Yang & Li, 2012; Pourasiabi & 

Gates, 2022). However, excessively low Cr/C ratios can lead to the development of a coarse 

carbide/matrix system, which negatively impacts fracture toughness (Liu et al., 2025). For 

example, they found that while decreasing chromium content improves hardness, it also 

reduces fracture toughness, increasing the likelihood of crack propagation under dynamic 

loading conditions (Zheng et al., 2006; Wang et al., 2012; Zhang et al., 2022). These trends 

underscore the need for precise alloying control and optimised processing techniques to 

maintain a Cr/C ratio that ensures balanced mechanical properties in HCCI. Carefully adjusting 

the Cr/C ratio is essential to achieving high-performance HCCI components with enhanced 

wear resistance, hardness, and fracture toughness, making the alloy more suitable for high-

stress industrial applications. 

Furthermore, recent studies have highlighted the important role of heat treatment in improving 

the mechanical properties of HCCI. Heat treatments such as quenching and tempering are 

commonly applied after casting to further modify the microstructure and enhance the 

performance of the alloys (Panichkin et al., 2023; Du et al., 2024). These treatments help refine 

the shape and distribution of carbides and promote the formation of secondary carbides, which 

leads to increased wear resistance and hardness while still maintaining good toughness. For 

example, Sudhakar et al. (2022) showed that heat-treated HCCI samples had a more uniform 

carbide distribution and slightly better toughness compared to the as-cast samples. These 

findings show that while the Cr/C ratio and casting conditions provide the initial control over 

mechanical properties, heat treatment offers an additional and powerful way to further improve 
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the material. It not only changes the microstructure but also helps achieve the right balance 

between hardness, wear resistance, and toughness. This makes heat treatment especially useful 

for components that need to resist both wear and impact in demanding industrial environments. 

2.7.2 Wear Resistance of HCCIs 

Among the popular properties of HCCI, wear resistance continues to receive significant 

attention due to its relevance in abrasive and erosive service conditions. The presence of hard 

carbides plays a key role in resisting material loss under sliding and impact conditions. Studies 

have confirmed that Tang et al. (2011), Abd El-Aziz et al. (2015), and Guo et al. (2021) found 

that higher Cr/C ratios promote the formation of dense carbide networks, which effectively 

shield the softer matrix from excessive wear. The size and distribution of carbides are also 

crucial, as well-dispersed, smaller carbides create a more uniform wear pattern, reducing the 

risk of localised material removal. Conversely, coarser carbides or poorly distributed phases 

can lead to stress concentration sites, which accelerate microcracking and material degradation 

(Yang & Li, 2012; Wang et al., 2018; Liu et al., 2023). 

High-chromium cast irons experience multiple modes of wear, as shown in Figure 2.5. These 

are primarily abrasive wear, adhesive wear, and erosive wear, depending on their operating 

conditions and microstructure (Bedolla-Jacuinde et al., 2005; Kermouche et al., 2019). 

Abrasive wear is the most dominant mechanism in HCCIs, occurring when hard particles or 

surfaces slide against the material, leading to micro-cutting, ploughing, or fragmentation of the 

matrix and carbides (Chung et al., 2013). This is further classified into two-body abrasive wear, 

where the counter surface directly interacts with the material, and three-body abrasive wear, 

where loose abrasive particles cause additional material removal (Filipovic et al., 2013). 

Adhesive wear occurs when asperities on the contacting surfaces weld together under high 

loads and shear off, leading to material transfer or surface damage, which is exacerbated by 

insufficient lubrication or severe loading conditions (Meng et al., 2019). Erosive wear results 

from high-velocity impact by particles, which progressively remove material through repeated 

deformation and fracture, often encountered in slurry pump impellers and milling components 

(Wiengmoon et al., 2011). The severity of these wear mechanisms depends on the carbide 

volume, size, shape, and distribution, as well as the Cr/C ratio, which influences the hardness 

and toughness of the material (Guo et al., 2021). Understanding these wear modes is crucial 

for optimising HCCI alloys for high-stress industrial applications where prolonged wear 

resistance is required. 
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Figure 2.5: Typical wear mechanisms found in HCCIs for (a)adhesive wear, (b) abrasive 

wear(two-body) and (c)abrasive wear(three-body) (la Monaca et al., 2021). 

 

The wear resistance of HCCI can be analysed using Archardôs wear equation, which describes 

wear volume loss, wear coefficient, applied load, sliding distance, and the material hardness. 

Equation 2.1 highlights that higher hardness directly improves wear resistance, as harder 

material experiences lower wear volume under the same loading conditions. 

ὠ  ὃὖὨ     Equation 2.1 

Where: Vw= wear volume (mm
3), Aw = worn surface area (mm

2), and Pdmax= average 

penetration depth (mm). The specific wear rates (SWR) of the titanium alloys were calculated 

using Equation 2.2 (Archard, 1953; Kiefer, 2006). 

ὛὡὙ      Equation 2.2 

Where SWR = wear rate (mm3 /Nm), F = load (N), and s = sliding distance (m). This procedure 

was followed for both the as-cast and heat-treated samples. 

Wear in HCCI is further described by the Equal Wear Rate (EW) and Equal Pressure (EP) 

models, which define the wear behaviour of multiphase materials: The Equal Wear Rate (EW) 

Model and Equal Pressure (EP) Model describe two fundamental wear mechanisms in 

multiphase materials like high-chromium cast irons (HCCIs), particularly in relation to the 
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interaction between the matrix and carbide phases under abrasive conditions. These models 

define the upper and lower limits of wear resistance based on how the load is distributed 

between the reinforcing phase (carbides) and the matrix. 

¶ EW Model (Equal Wear Rate): Assumes that the matrix and carbides wear at the same 

rate, leading to balanced material removal. This occurs when carbides are well-

anchored and uniformly distributed, effectively protecting the matrix from excessive 

wear. 

¶ EP Model (Equal Pressure): Assumes that the load is evenly distributed between the 

carbide and matrix phases, which can cause faster matrix removal and premature 

carbide detachment. This results in accelerated wear due to carbide pull-out, 

particularly if the carbides are not well integrated within the matrix. 

For maximum wear resistance, it is essential to optimise the microstructure towards EW-

dominant behaviour, ensuring fine carbide distribution and strong matrix support. Studies show 

that high Cr/C ratios, controlled solidification, and post-casting heat treatments improve wear 

resistance by refining carbide morphology and enhancing matrix strength (Axen & Jacobson, 

1994). Optimising microstructural tailoring during casting and heat treatment can significantly 

enhance wear performance by refining carbide size, morphology, and distribution (Guo et al., 

2016; Zhang et al., 2023). Understanding these relationships is essential for improving the 

resistance of HCCIs to wear-intensive environments, such as mining, cement production, and 

petrochemical processing. 

2.7.3 Corrosion Resistance of HCCIs 

While optimising the Cr/C ratio is vital for achieving desirable mechanical properties, its 

influence extends beyond wear and fracture behaviour, ultimately playing a critical role in 

determining the corrosion resistance of HCCIs, particularly in aggressive service 

environments. High-chromium cast irons are widely used in industries that require superior 

corrosion resistance, such as mining, chemical processing, and marine environments. The 

corrosion behaviour of HCCIs is strongly influenced by their microstructure, particularly the 

volume, distribution, and morphology of carbides, as well as the availability of chromium in 

the matrix to form a protective passive film. The corrosion resistance of these alloys varies 

significantly depending on the environment, including neutral chloride solutions, alkaline 

media, and acidic conditions. To evaluate corrosion performance, a variety of standard testing 

methods are applied, electrochemical techniques are widely used for more detailed analysis. 
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These include Open Circuit Potential (OCP) testing, which measures the natural, steady-state 

potential of the material in a given environment, providing insight into its corrosion tendency 

over time (Habib, 2015). Potentiodynamic polarisation is often used to assess passivation 

behaviour and corrosion current density. It indicates the thermodynamic likelihood of a 

material to undergo corrosion, where a more positive Ecorr value suggests a lower corrosion 

tendency (Tkacz et al., 2016; Aslam, 2023). Post-test surface analysis using SEM or XRD 

further reveals corrosion morphology and the nature of corrosion products. Together, these tests 

offer a comprehensive view of how microstructural features and Cr/C ratio adjustments 

influence corrosion resistance in HCCIs. 

Chloride-containing environments, such as seawater and industrial cooling systems, are highly 

aggressive due to the ability of chloride ions to penetrate and destabilise passive films. The 

primary corrosion mechanisms in HCCIs exposed to NaCl solutions include pitting corrosion 

and microgalvanic corrosion, particularly at the carbide-matrix interfaces (Zhou et al., 2018). 

Chromium-rich M C  carbides help in passivation by reducing the number of active sites for 

localised attack, but uneven distribution of chromium can lead to chromium depletion in the 

surrounding matrix, making those areas more susceptible to corrosion (Tang et al., 2009). 

The corrosion behaviour of HCCIs in chloride solutions is influenced by carbide morphology. 

Finer, uniformly distributed carbides enhance passivation, as they prevent large cathodic-

anodic regions, thereby reducing galvanic corrosion (Yang et al., 2009). Conversely, larger, 

more interconnected carbides can promote corrosion by increasing the number of carbide-

matrix interfaces where microgalvanic corrosion can initiate (Chang et al., 2010). Heat 

treatment can improve corrosion resistance by redistributing chromium more uniformly, 

reducing segregation at carbide-matrix interfaces, and minimising preferential attack in 

chloride environments (Sarac & Dikici, 2019). 

In highly alkaline environments such as 0.5M NaOH, the corrosion behaviour of HCCIs is 

different from that observed in neutral or acidic conditions. Here, selective carbide dissolution 

is the dominant mechanism, as carbides corrode preferentially due to their lower self-corrosion 

potential compared to the metallic matrix (Clegg & McLeod, 2013). As the carbides dissolve, 

chromium is gradually released into the matrix, contributing to passive film formation, which 

enhances corrosion resistance (Liu et al., 2023). Unlike in chloride environments, this 

chromium release in NaOH promotes passivity rather than weakening the protective 

capabilities of the material. The effectiveness of passivation in NaOH depends on carbide 
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volume, size, and distribution. Fine and homogeneously dispersed carbides allow for steady 

dissolution, leading to a gradual enrichment of chromium in the matrix and the formation of a 

stable passive layer. Larger and more widely spaced carbides, however, can create localised 

areas of intense corrosion (Zhang et al., 2020). Heat treatment can influence corrosion 

resistance in NaOH by modifying carbide morphology. The precipitation of secondary carbides 

after heat treatment can deplete chromium from the matrix, reducing the amount available for 

passive film formation, thereby increasing corrosion rates (Moslemi et al., 2011). This 

behaviour marks a significant contrast to the generally beneficial effects of heat treatment in 

chloride environments, demonstrating that the impact of processing techniques is environment-

dependent. This is further driven by the observation that if the carbide network remains 

homogeneous, the overall corrosion resistance can still be improved by minimising carbide-

matrix interactions that promote microgalvanic corrosion (Yan et al., 2020). 

In acidic environments, such as 0.5M H SO , corrosion is primarily governed by active 

dissolution of the metallic matrix, with localised galvanic corrosion at carbide-matrix interfaces 

due to the aggressive nature of sulphate ions (Lee et al., 2021). This mechanism differs 

substantially from the passive film protection observed in chloride and alkaline conditions, as 

sulphate ions continuously disrupt any protective layers. Unlike chloride or alkaline solutions, 

where passivation can provide protection, in sulphuric acid, the passive film is continuously 

disrupted, making it difficult to maintain long-term stability (Abdel-Aziz et al., 2017). Carbide 

morphology plays a significant role in the corrosion resistance of HCCIs in acidic solutions. 

Smaller and more evenly distributed carbides promote uniform corrosion, reducing the 

likelihood of deep localised attack (Wiengmoon et al., 2011). On the other hand, larger or 

interconnected carbides increase the number of anodic and cathodic sites, accelerating 

corrosion at the carbide-matrix interfaces and leading to extensive material loss (Zhang et al., 

2020). Heat treatment has mixed effects on corrosion resistance in acidic environments. While 

it improves carbide distribution and reduces segregation, the formation of secondary carbides 

depletes chromium from the matrix, making it more vulnerable to acid attack (Su et al., 2019). 

Since sulphuric acid aggressively dissolves the matrix, the increased carbide volume after heat 

treatment can sometimes worsen corrosion by increasing the number of galvanic sites where 

anodic dissolution can occur (Farquhar et al., 2021). This presents a clear contrast to the 

benefits of heat treatment in NaCl and NaOH environments, where it generally improves 

corrosion resistance by refining carbide distribution. In acidic environments, however, the same 

process can worsen corrosion performance due to chromium depletion caused by secondary 
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carbide precipitation. Figure 2.6 shows characteristic surfaces after corrosion of hypoeutectic 

HCCIs in different corrosive media as illustrated by Abd El-Aziz et al. (2015). 

Several key factors influence the corrosion resistance of high-chromium cast irons: 

1. Carbide Volume and DistributionðA higher volume of carbides can increase wear 

resistance but may also lead to greater microgalvanic corrosion if not evenly distributed 

(Yang et al., 2009). 

2. Chromium ContentðA higher Cr content in the matrix promotes the formation of a 

strong passive film, enhancing corrosion resistance (Tang et al., 2011). 

3. Microstructure HomogeneityðHeat treatment helps redistribute carbides and 

chromium, reducing segregation and weak points where corrosion can initiate (Sarac & 

Dikici, 2019). 

4. Electrolyte EnvironmentðChlorides promote pitting, alkaline solutions favour 

passivation, and acidic solutions cause active dissolution (Liu et al., 2023). 

5. Heat Treatment EffectsðHeat treatment can improve corrosion resistance in chloride 

and alkaline solutions but may increase corrosion rates in acidic solutions due to 

secondary carbide precipitation (Moslemi et al., 2011). 

   

Figure 2.6: Characteristic surfaces after corrosion of hypoeutectic HCCIs in different 0.5M 

NaOH (a) and 0.5M H2SO4 (b) as illustrated by Abd El-Aziz et al. (2015). 

 

The corrosion behaviour of high-chromium white cast irons is highly dependent on 

environmental conditions, carbide morphology, and chromium availability. In chloride 
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solutions, pitting and microgalvanic corrosion dominate, with finer carbide dispersion and heat 

treatment improving resistance. In NaOH, selective carbide dissolution promotes gradual 

passivation, with homogeneous carbide networks offering the best protection. In H SO , active 

matrix dissolution and galvanic corrosion lead to the highest corrosion rates, as the passive film 

is constantly attacked. Heat treatment generally improves corrosion resistance in neutral and 

alkaline conditions but may have negative effects in acidic environments due to chromium 

depletion. Optimising the Cr/C ratio and ensuring a homogeneous microstructure are critical 

strategies for enhancing corrosion resistance in HCCIs (Wiengmoon et al., 2011; Yan et al., 

2020; Liu et al., 2023). 

Corrosion testing methods such as Open Circuit Potential (OCP) and potentiodynamic 

polarisation are widely applied in evaluating the corrosion performance of metallic alloys, 

including high-chromium cast irons (HCCIs). While these techniques offer valuable insights, 

they also come with important limitations that restrict their reliability and interpretation, 

especially under complex or aggressive environmental conditions. 

One of the main limitations of OCP testing is its qualitative nature. Although it is a convenient, 

non-destructive method used to assess the corrosion tendency of materials, it does not provide 

direct information on corrosion rates or mechanisms. For example, Hemkemeier et al. (2022) 

used OCP to monitor early corrosion activity in reinforced concrete systems containing 

industrial waste products such as sugarcane bagasse ash sand (SBAS) and water treatment plant 

sludge (WTPS). Their findings confirmed that while OCP could indicate the onset of corrosion, 

it lacked the capacity to quantify it or explain how corrosion progressed over time. Similarly, 

Cesiulis and Tsyntsaru (2009) highlighted that OCP is best used as an initial indicator and 

should be supported by additional techniques for a more accurate assessment. 

The reliability of OCP is further limited by its sensitivity to experimental conditions, which 

can heavily influence the measured potential. Hemkemeier et al. (2022) demonstrated that 

variations in specimen immersion, partial versus full, and the adoption of wetting and drying 

cycles significantly altered corrosion results. Specifically, partial immersion combined with 

drying cycles led to the earlier appearance of corrosion, attributed to increased oxygen 

availability and higher chloride concentration near the exposed surface. These findings reveal 

that minor changes in test setup can cause major differences in output, reducing the consistency 

and reproducibility of OCP measurements. 
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Compounding these issues is the lack of standardised procedures for OCP testing. Hemkemeier 

et al. noted that there is no consensus on critical experimental aspects, including the type of 

reference electrode, immersion level, and accelerated ageing protocols. While their study found 

the reference electrode type to be of less importance, other variables had a considerable impact 

on the results. Without standardisation, it becomes difficult to compare data across studies, 

increasing the risk of misinterpretation or error in material selection and design decisions. 

Another significant drawback of OCP is its susceptibility to environmental factors. Parameters 

such as oxygen levels, temperature, and chloride ion concentration can all shift the measured 

potential, sometimes misleadingly. Yuan et al. (2015) observed that OCP values became more 

noble as the exposed substrate area and the corrosion rate increased during corrosion tests of 

galvanised steel in NaCl solution. This finding contradicts the common assumption that a more 

positive potential indicates better corrosion resistance, showing that environmental context 

must be carefully considered when interpreting OCP results. 

In more complex or inhomogeneous environments, the application of OCP becomes 

increasingly difficult. Tan (2011) reported that corrosion measurement in highly resistive and 

non-uniform media, such as concrete, soils, or porous matrices, faces challenges like IR drop, 

non-uniform polarisation current distribution, and instability in sensor placement. These 

limitations can result in poor resolution or misleading results, particularly when attempting to 

monitor localised corrosion or subtle electrochemical changes across a structure. 

OCP reproducibility is also compromised in environments like NaOH and H SO , where the 

electrochemical conditions are especially sensitive to time, surface preparation, and electrolyte 

chemistry. In NaOH, slight differences in polishing or cleaning, variation in temperature, and 

dissolved oxygen levels can all alter the rate and extent of passive film formation (Ahmadian 

et al., 2014; Lynch et al., 2020; Ma et al., 2020). Time-dependent stabilisation and heat-

treatment-induced secondary carbide precipitation can influence chromium availability in the 

matrix, further complicating results (Moslemi et al., 2011). Similarly, in H SO , the aggressive 

nature of sulphate ions causes continuous breakdown and reformation of the passive film. This, 

combined with hydrogen gas evolution, temperature variations, and reference electrode drift, 

makes it difficult to reproduce identical OCP readings between tests (Yue et al., 2018; Deng et 

al., 2018; Feng et al., 2021; Su et al., 2019; Atiyah & Albusalih, 2023; Shen et al., 2020; 

Farquhar et al., 2021). These factors highlight the time and condition-dependent nature of OCP 

measurements in highly reactive environments. 
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Potentiodynamic testing, often used alongside OCP, also presents key limitations. One major 

issue is its dependence on high electrolyte conductivity. In their investigation of stainless steel 

exposed to biofuels, Sorg and Ladwein (2009) found that the high resistance of low-

conductivity liquids exceeded the voltage output capabilities of conventional electrochemical 

equipment, rendering potentiodynamic testing ineffective. They instead employed 

electrochemical impedance spectroscopy (EIS), which proved better suited to low-conductivity 

media. This example underscores how the test environment can restrict the use of 

potentiodynamic methods. 

Beyond conductivity concerns, potentiodynamic testing is also limited in its ability to detect 

localised corrosion, which is responsible for the majority of real-world corrosion failures. Tan 

et al. (2009) stressed that traditional electrochemical methods, such as OCP, linear polarisation 

resistance, and even EIS, often fail to capture the spatial and temporal dynamics of localised 

attacks, such as pitting and crevice corrosion. They highlighted that up to 70ï90% of corrosion-

related failures stem from these localised mechanisms and recommended alternative methods 

like electrochemical noise analysis and wire beam electrode techniques, which provide better 

resolution for monitoring small-scale corrosion activity. 

Furthermore, potentiodynamic testing may not accurately simulate real-world service 

conditions, especially when variables like mechanical stress, flow dynamics, and pH 

fluctuations are present. Yan (2020) showed that applying tensile stress in a weak acid 

environment caused the corrosion rate of steel to rise sharply, even though OCP readings did 

not change significantly. Their experiments, which included linear polarisation resistance and 

EIS, revealed that corrosion behaviour is highly stress-sensitive. This suggests that 

conventional testing in static, stress-free environments may overlook critical degradation 

mechanisms that only appear under load or in dynamic systems. 

Another limitation of potentiodynamic polarisation, particularly when using the Tafel 

extrapolation technique, lies in the underlying assumptions and experimental constraints that 

can introduce significant errors in corrosion rate determination. One major assumption is that 

of uniform corrosion, that is, the material corrodes evenly across the entire exposed surface 

(Betts et al., 2017). However, in many real-world scenarios, especially during the initial stages 

of corrosion, localised processes such as pitting, crevice attack, or microgalvanic effects may 

dominate. This non-uniformity leads to discrepancies between the actual corrosion behaviour 

and the simplified uniform model assumed in Tafel analysis, thereby reducing the accuracy of 
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the calculated corrosion current density (Icorr). Additionally, the method is ideally suited for 

irreversible electrochemical reactions, yet many alloy-environment combinations do not 

strictly follow this behaviour (Betts et al., 2017). For instance, materials such as aluminium or 

passive stainless steels in neutral saline environments often exhibit complex surface 

interactions, where the reaction pathways include reversible steps or diffusion-limited 

processes. In these systems, it becomes exceedingly difficult to extract reliable Tafel slopes, 

which are crucial for extrapolating the linear sections of the polarisation curve. As a result, the 

estimated corrosion rates can deviate significantly from actual performance. 

The lack of well-defined Tafel regions in some potentiodynamic curves further complicates 

analysis. In certain cases, the anodic and cathodic branches do not exhibit distinct linear 

behaviour over a sufficient potential range. This may be due to early passivation, mixed control 

mechanisms, or fluctuating surface states. Without clear linear segments, extrapolation 

becomes highly subjective and prone to error, increasing the uncertainty of Icorr values 

(Rybalka et al., 2021). 

Experimental variables can also have a substantial impact on the reliability of the results. 

Poorqasemi, Abootalebi, et al. (2009) and Poorqasemi, Haqdar, et al. (2009) mention that one 

such factor is the formation of corrosion product films on the metal surface during testing. 

These films, especially when they act as passive layers, can increase the polarisation resistance 

and suppress electrochemical reactions. Consequently, the corrosion rate inferred from Tafel 

extrapolation may appear higher than values determined by gravimetric (weight loss) methods, 

which account for long-term material degradation. The discrepancy arises because 

electrochemical measurements capture short-term behaviour influenced by surface film 

formation, while gravimetric techniques measure actual material loss over time. 

Moreover, scan rate and starting overpotential selection play a critical role in test accuracy 

(Fischer et al., 2019). A scan rate that is too slow may allow surface reactions or film formation 

to evolve during the measurement, while a fast scan may miss important kinetic features. 

Similarly, the choice of starting overpotential, if too far from the corrosion potential, can 

introduce transient effects or hysteresis, distorting the Tafel slope. Research has shown that 

these factors can contribute to deviations of up to 50% in the measured corrosion current, 

further highlighting the need for careful experimental design and parameter selection. 

In summary, while Tafel extrapolation is a widely used technique in corrosion science, its 

effectiveness is limited by assumptions of uniform corrosion, strict irreversibility, the need for 
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well-defined linear regions, sensitivity to surface film formation, and vulnerability to scan rate 

and overpotential selection. These challenges must be addressed through careful data 

interpretation, supplementary testing, and, where possible, cross-validation with other methods 

such as weight loss measurements or electrochemical impedance spectroscopy (EIS). 

Taken together, these findings demonstrate that while OCP and potentiodynamic tests are 

valuable tools in corrosion assessment, they are not without flaws. Their inability to capture 

corrosion rates accurately, sensitivity to test setup and environment, lack of standardisation, 

and failure to detect or simulate localised and real-world conditions limit their usefulness when 

used in isolation. Therefore, to obtain a complete and reliable picture of corrosion performance, 

especially for complex alloys like HCCIs, these methods should be used in combination with 

complementary techniques such as electrochemical impedance spectroscopy (EIS), immersion 

testing, microstructural analysis (SEM/EDS), and localised electrochemical methods. Only by 

integrating multiple testing strategies can we ensure accurate evaluation of corrosion behaviour 

in demanding industrial environments. 

2.8 Recent Advancements in the Study of HCCIs 

Recent advancements in the study of HCCIs have introduced a range of new methodologies 

that are reshaping how researchers understand the effects of composition on mechanical 

performance. Traditional approaches have often relied on labour-intensive experimental 

procedures to investigate the influence of chromium, carbon, and other alloying elements on 

properties such as hardness, fracture toughness, wear, and corrosion resistance. However, the 

integration of data-driven modelling, computational tools, advanced heat treatment strategies, 

and high-resolution microstructural characterisation offers far more efficient and insightful 

ways to optimise HCCI alloys. 

One of the most significant changes in recent years is the application of machine learning to 

materials research. Using algorithms trained on large datasets, researchers are now able to 

predict key mechanical properties, such as Brinell hardness, tensile strength, and ductility, 

based on composition with high accuracy. These models, which have already shown promising 

results in similar alloys like ferritic ductile iron, are being adapted to HCCIs to assist in rapid 

alloy development. By feeding in variations of chromium, carbon, and trace alloying elements, 

it is now possible to generate reliable predictions for mechanical behaviour, reducing the need 

for extensive trial-and-error experimentation. This is particularly valuable in studying the 
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effects of the Cr/C ratio, which plays a fundamental role in governing carbide formation and 

matrix structure in HCCI alloys (Gu et al., 2023). 

Gu et al. (2023) demonstrated the success of this approach by building a composition property 

dataset for ferritic ductile iron and using several machine learning algorithms to predict key 

mechanical properties such as tensile strength, Brinell hardness, yield strength, and elongation. 

Their models achieved correlation coefficients above 0.96 and mean absolute percentage errors 

below 5%, confirming the high predictive accuracy of the machine learning technique. 

Importantly, they also used thermodynamic calculations to predict phase compositions, which 

helped validate the reliability of the machine learning outputs. This combined approach not 

only predicted mechanical properties but also revealed how individual elements influenced 

performance, offering strong guidance for designing new alloys with improved strength and 

toughness. The success of this methodology in ductile iron research highlights its potential for 

high-chromium cast irons, where similar compositionïproperty relationships can be 

established. Applying machine learning in this context allows for more efficient alloy 

optimisation, particularly in balancing hardness, toughness, and wear resistance through 

targeted control of the Cr/C ratio and other alloying additions. 

Complementing this, computational techniques such as the Group Method of Data Handling 

(GMDH) have allowed for the creation of both linear and non-linear models that map the 

relationships between chemical composition and mechanical properties. This approach has 

proven especially useful in identifying how changes in the Cr/C ratio impact properties like 

hardness and toughness (Tokova & Savchenko, 2019). By modelling interactions between 

alloying elements, researchers can now predict not only property outcomes but also the 

potential risks of carbide coarsening, matrix brittleness, or chromium depletion. This level of 

detailed predictive insight was previously unattainable with traditional analytical methods and 

allows for much more refined control over alloy design. In addition to machine learning and 

data-modelling techniques, the use of Thermo-Calc has been particularly helpful in reducing 

experimental workload during alloy design. Thermo-Calc allowed for phase prediction at 

various temperatures and compositions, making it possible to forecast carbide types and their 

stability across different Cr/C ratios. This significantly cut down the amount of trial-based 

experimental work that would otherwise have been necessary to determine phase stability and 

solidification behaviour. Instead of casting multiple test samples for phase identification, 

preliminary simulations in Thermo-Calc guided the selection of promising compositions. This 
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not only saved time and resources but also improved the efficiency of the entire alloy 

development process.  

Alongside these computational advances, developments in heat treatment techniques are 

making it possible to fine-tune the microstructure of HCCIs in order to meet specific 

performance requirements. Conventional as-cast HCCIs often suffer from uneven carbide 

distribution or brittle grain boundaries, particularly at high Cr/C ratios. Through methods such 

as austempering and quenching and partitioning (Q&P), researchers are now able to transform 

the microstructure after casting to improve both toughness and strength. Austempering 

promotes the formation of acicular ferrite and retained austenite, which together enhance 

ductility and impact resistance without significantly compromising hardness (Alves et al., 

2018). These approaches allow for the optimisation of carbide morphology and matrix 

toughness, helping to overcome the classic trade-off between wear resistance and brittleness in 

HCCIs. 

Alves et al. (2018) demonstrated the benefits of austempering in their study on ductile cast 

irons, where they analysed the microstructural evolution and mechanical properties of a 

commercial alloy subjected to different austempering temperatures. The resulting 

microstructures consisted of acicular ferrite (bainite), retained austenite with high carbon 

content, and nodular graphite, features that contributed to the observed improvements in 

mechanical performance. Using techniques such as optical microscopy, scanning electron 

microscopy, and x-ray diffraction, they characterised three different grades of austempered 

ductile iron (ADI), each processed to achieve a specific strength level. Their tensile and impact 

testing at room temperature revealed a strong link between austempering temperature and 

mechanical behaviour. The sample austempered at 280ÁC exhibited the highest tensile and yield 

strength, reaching 1599 MPa and 1427 MPa, respectively, while the sample treated at 320ÁC 

showed the highest Charpy impact energy (99.90 J) and the greatest volume fraction of retained 

austenite (27%). These results confirm that austempering temperature directly affects the 

balance between strength and toughness, enabling precise control over mechanical 

performance through heat treatment. 

This study highlights how principles from ADI research can be applied to HCCIs, where 

tailored heat treatment strategies such as austempering can refine the matrix and control phase 

transformation, leading to materials with improved toughness and wear resistance. When 
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adapted to high-Cr alloys, such strategies offer a valuable means of enhancing impact 

performance without sacrificing the high hardness needed for wear-critical applications. 

Understanding how different processing methods affect the structure of HCCIs has improved 

a lot thanks to modern characterisation tools. Scanning Electron Microscopy (SEM) is widely 

used to examine features like carbides, grain size, and cracks. This helps us see how elements 

such as chromium and carbon form different structures in the alloy. However, Electron 

Backscatter Diffraction (EBSD), which is an advanced SEM technique, allows us to go even 

further. EBSD gives us detailed information about the crystal orientation, phase boundaries, 

grain structure, and internal strain of the material. It can do this with a very fine resolution, 

down to tens of nanometers, which is useful for studying HCCIs, where small changes in 

microstructure can affect hardness, wear, and toughness, particularly after heat treatment 

through secondary carbide precipitation (Vespucci et al., 2015). 

EBSD works by capturing patterns called Electron Backscatter Patterns (EBSPs), which form 

when the electron beam hits a crystalline sample. These patterns are then analysed to work out 

the orientation of the crystals in the material. Recent software improvements have made this 

process more accurate. Some researchers have developed new methods to better detect and 

measure the angles between crystal planes, making EBSD results more precise (Britton et al., 

2018; Zhang et al., 2021). This kind of accuracy helps identify how carbides are arranged and 

whether there are any issues like misorientation or strain that could lead to cracks or wear. 

Recent improvements in EBSD equipment have made it even more powerful. Direct electron 

detectors, such as Timepix, now allow us to collect EBSPs with much better detail than older 

systems, which relied on converting electrons to light and back again. These new detectors 

work well even at lower beam energies (less than 5 keV), which helps improve resolution and 

reduces the area affected in the sample. They also make it possible to study lighter or lower-

density materials, which were difficult to analyse before. Using energy filtering, where only 

electrons above a certain energy are used, also increases image contrast and reveals finer details 

in the crystal structure. These improvements help researchers study small carbides and subtle 

strain patterns that are important in understanding wear and corrosion in HCCIs. When even 

higher resolution is needed, especially in very small grains or highly deformed areas, 

Transmission Kikuchi Diffraction (TKD) is used. TKD works with very thin samples and gives 

crystal orientation maps with resolution better than 10 nanometers (Gao et al., 2021). TKD and 

high-resolution EBSD (HR-EBSD) are especially useful for looking at microstructural changes 
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caused by heat treatment, deformation, or phase transformation in HCCIs. These techniques 

help explain how certain features, like carbide-matrix boundaries, affect mechanical behaviour. 

The way EBSD data is analysed has also improved. New software and toolkits allow for faster 

and more accurate processing of large datasets. These tools can track grain changes during 

experiments and even use machine learning to find patterns in the data (Adams et al., 2021; Yi 

et al., 2024). This is especially useful in HCCI research, where many small changes in structure 

can have a big effect on performance. 

Along with EBSD, X-Ray Diffraction (XRD) remains an important method for identifying 

phases in the alloy. XRD is very good at detecting the main types of carbides, like M C  and 

M C , as well as retained austenite and martensite. These phases influence hardness, 

toughness, and wear resistance. However, XRD gives information averaged over a large area 

and does not show where these phases are located. This is where EBSD is helpful; it adds 

spatial detail and shows how these phases are arranged in the microstructure. By combining 

XRD and EBSD, researchers get a much clearer picture of how the material is built and how it 

will behave in real applications. 

Together, SEM, EBSD, and XRD give a complete set of tools to study the structure and 

performance of HCCIs. SEM shows the shape and size of features, XRD identifies the types of 

phases present, and EBSD links these to crystal structure, orientation, and strain. These 

techniques are essential for understanding how the Cr/C ratio, heat treatment, and alloying 

affect the properties of HCCIs, especially hardness, wear resistance, and corrosion behaviour. 

Another important area of development is in alloying strategies and hardfacing techniques. 

Recent studies have explored the benefits of adding elements such as niobium, molybdenum, 

and titanium, which form complex carbides and carbonitrides that enhance both wear and 

corrosion resistance (Kishore et al., 2023). These fine, stable carbides not only increase surface 

hardness but also help resist crack initiation and propagation under abrasive or cyclic loading. 

Hardfacing technologies have also evolved, allowing for HCCI layers to be deposited onto 

critical components in demanding industrial environments. This targeted application of wear-

resistant material, when combined with controlled alloy design and heat treatment, extends 

component life while maintaining cost efficiency. In addition, more advanced wear and fatigue 

testing methodologies are being introduced to evaluate how HCCIs perform under realistic 

service conditions. These tests now account for factors such as operating temperatures, contact 

pressures, and lubrication effects, offering a much clearer picture of how the material will 
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behave in practical settings. When coupled with predictive models and microstructural data, 

these tests validate the design decisions made during alloy development and help to further 

refine the relationships between composition, processing, and performance (Devlin, 2021). 

Together, these innovations are driving a fundamental shift in how researchers and engineers 

study and design HCCIs. Rather than relying on general guidelines and post-failure analysis, 

modern research enables a proactive approach: one that predicts performance from the outset 

and allows fine-tuning of every stage, from alloy composition and casting to heat treatment and 

application. This integrated framework is making it possible to design HCCIs that not only 

meet but exceed the requirements for hardness, wear resistance, toughness, and corrosion 

resistance in even the harshest industrial environments. 

2.9 Effect of Heat Treatment and Service Conditions on Mechanical 

Properties of HCCIs 

Recent studies have highlighted the significant role of heat treatment in enhancing the 

mechanical properties of HCCIs. Heat treatments such as quenching and tempering are widely 

used to refine the microstructure, leading to improved hardness, wear resistance, and toughness 

(Guo et al., 2018; Zhang et al., 2022; Zhong et al., 2022). The heat treatment process enhances 

carbide morphology and promotes the precipitation of secondary carbides, which contributes 

to increased hardness and wear resistance while maintaining sufficient impact toughness. 

Sudhakar et al. (2022) demonstrated that heat-treated HCCI samples exhibited a more 

homogeneous carbide distribution, leading to a slight increase in toughness compared to as-

cast samples. These findings indicate that, although the Cr/C ratio and casting conditions play 

a crucial role in determining the mechanical properties of HCCI, heat treatment serves as an 

additional refinement tool, further enhancing microstructural stability and performance. This 

aspect is particularly important for industrial applications requiring high wear resistance 

combined with impact toughness, such as mining and milling operations. 

The type and distribution of carbides within the HCCI matrix play a fundamental role in 

determining hardness, wear resistance, and fracture toughness. Studies suggest that M C  

carbides provide superior hardness and wear resistance, whereas M C  carbides contribute to 

better fracture toughness (Oanh & Viet, 2020; Ping et al., 2021; Yulianto et al., 2021). A well-

balanced ratio of these carbides ensures that the alloy maintains resistance to surface wear 

while simultaneously absorbing impact energy without failure. Du et al. (2024) suggested that 

this balance could be optimised by precise control of the Cr/C ratio during alloy manufacturing. 
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Excessive hard carbides may increase brittleness, leading to reduced toughness, whereas too 

few carbides can result in higher wear resistance (Shi & Zhang, 2017; Guo et al., 2021). Fine-

tuning carbide phases through careful composition control and heat treatment is therefore 

essential to achieving the best possible mechanical properties for HCCI used in severe service 

environments. 

While microstructural characteristics significantly influence the performance of HCCIs, 

external service conditions also play a crucial role. In high-wear environments such as mining 

and milling, the interaction between hardness, wear resistance, and fracture toughness 

determines overall durability. Studies have shown that HCCI alloys optimised for these 

properties significantly reduce maintenance costs and downtime in industrial applications 

(Yang & Li, 2012; Guo et al., 2021). For example, in the mining industry, HCCI components 

with precisely controlled Cr/C ratios demonstrate high resistance to extreme abrasion and 

impact, thereby increasing equipment reliability and longevity (Panichkin et al., 2023; Goto et 

al., 2023; Du et al., 2024). The ability to optimise HCCI for specific operational conditions 

reinforces the importance of understanding how microstructural features influence mechanical 

properties. 

Decades of research have contributed to the development of theoretical models that describe 

the mechanical behaviour of HCCI under varying conditions. Recent investigations have 

focused on modelling carbide nucleation and growth, providing a deeper understanding of the 

influence of the Cr/C ratio on alloy properties. One such approach is the phenomenological 

model, which explains the formation of carbides from carbon-rich regions during solidification 

(Li et al., 2023). This model is essential in predicting mechanical properties based on carbide 

distribution and refining alloy design for optimised performance. Additionally, studies have 

explored the associative perception framework, which analyses how HCCI responds to 

fluctuating service conditions. However, experimental studies on surface roughness and wear 

performance remain relatively limited. Future research should incorporate detailed wear 

studies to bridge the gap between theoretical predictions and real-world applications. The 

integration of modelling and experimental validation will enhance the predictive accuracy of 

the performance of HCCIs under extreme conditions. 

The mechanical properties of HCCI, hardness, wear resistance, and fracture toughness are 

primarily dictated by its microstructural balance, which in turn is controlled by the Cr/C ratio. 

A well-balanced Cr/C ratio ensures the formation of a homogeneous, fine carbide network 
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within an austenitic matrix, optimising mechanical performance (Ma et al., 2006; Huang et al., 

2013; Pourasiabi & Gates, 2022). Research consistently highlights that maintaining the correct 

Cr/C ratio is essential to prevent excessive brittleness or poor wear resistance. Furthermore, 

microstructural adjustments through heat treatment further refine carbide size, distribution, and 

morphology, improving the overall mechanical integrity of HCCI. 

By combining experimental data, theoretical modelling, and process optimisation, researchers 

have developed guidelines for designing and processing HCCI components that meet industrial 

performance standards. These insights are crucial for extending the service life of HCCI-based 

materials in high-stress environments, where a precise balance between hardness, wear 

resistance, and toughness is required for optimal performance. 

2.10 Research Gaps and Rationale for the Current Study 

Despite the extensive research on HCCIs, there are still key gaps in understanding how the 

Cr/C ratio and solidification cooling rates collectively influence the as-cast and heat-treated 

microstructure. While previous studies have examined the effects of Cr/C ratio on phase 

stability, mechanical properties, and microstructural evolution (Bedolla-Jacuinde et al., 2005; 

Ortega-Cubillos et al., 2015; Stachowiak et al., 2015; Abdel-Aziz et al., 2017), and others have 

looked at how cooling rates impact carbide formation and distribution (Zhang et al., 2018; 

Sasaguri et al., 2019; Goto et al., 2023; Panichkin et al., 2023), these findings do not fully 

address how both parameters interact during solidification and influence final material 

performance, the core focus of the first and second research questions of this study. Most 

studies have either focused on optimising alloy composition in the as-cast condition or on 

evaluating the effects of heat treatment, but without fully accounting for how initial 

solidification microstructure affects subsequent thermal processing outcomes and mechanical 

behaviour (Karantzalis et al., 2009; Ai et al., 2011; Zhang et al., 2022). This is particularly 

relevant to research questions 1 and 2, which seek to understand the role of the Cr/C ratio in 

microstructural evolution and its consequences on hardness and toughness. This gap is 

significant because the solidification process influences carbide morphology, which in turn 

affects how the material responds to heat treatment and ultimately determines mechanical 

performance. A deeper understanding of this relationship is essential for developing HCCI 

components with optimised properties for wear and corrosion resistance. 

Another critical limitation in the current literature is the lack of detailed exploration of 

microstructural variations caused by different Cr/C ratios combined with varied cooling rates. 



ΡΡ 
 

Many studies have reported trends in carbide size, distribution, and volume fraction as 

functions of cooling rate or composition separately, yet their combined effects remain 

underexplored (Panichkin et al., 2023; Goto et al., 2023; Du et al., 2024). While it is well 

established that rapid cooling refines the microstructure and that an optimal Cr/C ratio enhances 

carbide stability, few studies have addressed how these two parameters together influence the 

carbide network and mechanical response, which are central to the second and third research 

questions regarding fracture toughness and corrosion/wear performance. This limits the ability 

to predict performance in real-world applications where both rapid cooling during casting and 

heat treatments are standard industrial practices. Additionally, the influence of non-equilibrium 

solidification on carbide precipitation and subsequent heat treatment response has not been 

adequately studied, leaving uncertainties in optimising processing parameters for enhanced 

wear resistance, hardness, and toughness (Siekaniec et al., 2022; Sudhakar et al., 2022). 

This research aims to bridge these existing gaps by adopting an integrated approach that 

simultaneously considers both the Cr/C ratio and cooling curve characteristics to understand 

the microstructural evolution of HCCIs. This directly supports all three research questions, 

which aim to identify the microstructural effects of Cr/C ratio, evaluate its impact on 

mechanical properties, and understand performance in corrosive and abrasive environments. 

Unlike previous studies that treat alloy composition and cooling effects separately, this work 

explores their combined influence on as-cast and heat-treated microstructures and resulting 

properties. The study will integrate experimental investigations with advanced characterisation 

techniques to provide a comprehensive understanding of how these parameters interact. Key 

methods will include: 

¶ Thermodynamic simulations using ThermoCalc to model phase transformations and 

carbide precipitation in non-equilibrium conditions. 

¶ Cooling curve analysis to experimentally track solidification behaviour, identify critical 

temperatures, and assess the influence of different Cr/C ratios on phase formation and 

undercooling dynamics. 

¶ Microstructural analysis using scanning electron microscopy (SEM) and energy-

dispersive spectroscopy (EDS) to characterise carbide morphology, distribution, and 

matrix transformations.  

By linking these techniques to both solidification and subsequent microstructural evolution, 

the study addresses the limitations of previous work, where the impact of as-solidified 
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microstructure on mechanical properties was considered in isolation or without connection to 

alloy composition and cooling behaviour. While heat treatment is included as a secondary 

factor, the primary focus remains on understanding how Cr/C ratio and cooling rate shape the 

initial microstructure. This sets the foundation for answering the third research question by 

correlating microstructural features with wear and corrosion test results. This integrated 

approach is expected to generate valuable insights for optimising alloy design, casting 

conditions, and property control to enhance wear and corrosion resistance in demanding 

industrial environments. 

Understanding the Cr/C ratio and cooling rate effects in HCCI has significant practical 

implications. Industries such as mining, petrochemical processing, and milling rely on HCCI 

components to withstand harsh environmental conditions that demand exceptionally high 

hardness, wear resistance, and corrosion resistance. The third research question is directly 

aligned with this concern, seeking to relate microstructural characteristics to real-world 

performance metrics. The results will guide alloy design and processing improvements, helping 

to reduce maintenance costs, extend service life, and improve overall operational efficiency. 

HCCIs are widely known for their high hardness and superior resistance to wear and corrosion 

(Abd El-Aziz et al., 2015). Many researchers, including Bedolla-Jacuinde et al. (2005), 

Karantzalis et al. (2009), Wiengmoon et al. (2011), and Ngqase & Pan (2020), have focused on 

improving these properties, as they are essential in engineering applications. The exceptional 

wear and corrosion resistance of HCCI is primarily attributed to its high carbide volume 

fraction, which is embedded in an austenitic matrix. These carbides, including M C, M C , 

M C , and M C  form under different chemical compositions and heat-treatment conditions 

(Abd El-Aziz et al., 2015). 

Both chromium and carbon are critical elements in determining the ultimate mechanical 

properties of HCCI. Chromium, the primary alloying element, enhances corrosion resistance 

by forming M C  carbides that promote a protective oxide layer against corrosive attack (Fan 

et al., 2022). Carbon, on the other hand, influences carbide shape and formation, with higher 

carbon levels producing larger primary carbides, which increase hardness and wear resistance 

(Guo et al., 2021). While extensive research has been conducted on the independent effects of 

Cr and C, the synergistic influence of their ratio (Cr/C) is less understood, particularly in 

connection with performance outcomes, an area directly investigated in Research Questions 1 

and 2. 
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Research on the Cr/C ratio in HCCI has shown that it significantly affects phase diagrams, 

mechanical properties, and wear resistance (Abd El-Aziz et al., 2015; Sasaguri et al., 2019; Liu 

et al., 2025). Studies suggest that a Cr/C ratio below 10 leads to a sharp increase in hardness 

but at the cost of reduced toughness. Optimal wear resistance is achieved when the Cr/C ratio 

is between 8 and 11, as this provides balanced hardness and impact resistance under both high-

stress and low-stress abrasion conditions (Sasaguri et al., 2019). Additionally, the Cr/C ratio 

influences the transformation behaviour of HCCI during cooling. Higher Cr/C values slightly 

increase the pearlite transformation temperature and extend the transformation time, with the 

maximum post-transformation hardness occurring at a Cr/C ratio of 6 before declining 

(Sasaguri et al., 2019). 

Further research is needed to explore the combined effects of Cr and C in HCCI, particularly 

in relation to solidification and cooling conditions. Guo et al. (2021) found that a low Cr/C 

ratio results in more carbide formation, increasing hardness and wear resistance but reducing 

toughness. The shape and size of carbides also matter; rod-like carbides enhance wear 

resistance but can increase brittleness (Wang et al., 2018). Conversely, a higher Cr/C ratio 

forms fewer carbides, improving toughness but compromising wear resistance. Additionally, 

carbides influence corrosion resistance, as more carbides reduce exposed surface area, 

minimising corrosion attack (Gong et al., 2023). The microstructure and carbide morphology, 

including size, shape, and distribution, dictate the performance of HCCI in different 

environments. Heat treatment further modifies this behaviour, adding another layer of 

complexity. Therefore, precisely controlling the Cr/C ratio, along with carbide morphology, is 

crucial to addressing the performance-based questions posed in this research.  

In South Africa, high-chrome cast irons are widely used in mining, processing, and marine 

environments, where acidic and basic conditions accelerate wear and corrosion (Singh, 2016). 

Failures in these industries often result in high repair costs and equipment downtime. 

Understanding how the Cr/C ratio influences microstructure is essential for preventing such 

failures and improving material performance. Bedolla-Jacuinde et al. (2005) found that 

chromium-rich carbides enhance corrosion resistance by minimising reactive surface areas, but 

this requires precise control over alloy composition. This context underscores the need for 

application-specific microstructural optimisation, reinforcing the industrial relevance of 

Research Question 3. 
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This research will contribute to understanding how microstructure optimisation can improve 

HCCI for wear and corrosion resistance, ensuring that specific Cr/C ratios are tailored for 

industrial applications. This knowledge will guide future alloy design, allowing engineers to 

customise HCCI for different operating conditions, ultimately reducing maintenance costs and 

extending component lifespan. 

2.11 Chapter Summary 

This chapter provided a comprehensive review of the literature on high-chrome cast iron 

(HCCI), focusing on its composition, microstructure, thermal processing, and mechanical 

properties. Section 2.8 presented the newer techniques that are being implemented in the study 

of HCCIs to increase efficiency and experimental analysis accuracy as well as cutting down on 

intensive labour, allowing focus on the important aspects of the analysis. In Section 2.9, we 

examined the effects of heat treatments such as austenisation, quenching, and tempering on 

HCCI, highlighting how these treatments modify the microstructure by refining carbide size 

and distribution, as well as relieving residual stresses. These changes consequently enhance 

key mechanical properties, including hardness, wear resistance, and fracture toughness, 

particularly when optimised alongside the Cr/C ratio. 

Section 2.10 identified several critical research gaps in existing literature. Previous studies have 

independently investigated the influence of the Cr/C ratio and cooling rates on microstructural 

evolution. However, few have explored these factors in combination, particularly in the 

transition from the as-cast to the heat-treated state. Due to the limited focus on the combined 

effects of these variables, further research is required to provide a more comprehensive 

understanding of HCCI processing. This knowledge is essential for optimising alloy design and 

component performance in wear and corrosion-intensive industries. 

Sections 2.1 to 2.7 summarised the key findings of the literature review and theoretical 

framework, underscoring the significance of the synergistic effects of alloying elements, 

cooling rate, and thermal treatment on the microstructural evolution and mechanical 

performance of HCCI. The review has established a strong foundation for the research 

objectives, which seek to integrate these parameters to optimise HCCI for specific industrial 

applications. Subsequent chapters will now transition to methodology, addressing the identified 

research gaps by incorporating experimental investigations, assessment standards, and 

computational modelling. This approach will bridge the gap between theoretical knowledge 
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and practical application, ultimately contributing to the development of higher-performance 

materials for industrial use. 
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Chapter 3: Materials and Methods 

3. Process Overview 

 

Figure 3:1 Alloy Design and Testing Process 
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3.1 Materials  

3.1.1 Casting 

Three batches of alloys were cast, varying the C and Cr content. Table 3.1 shows the 

composition of the alloys. 

Table 3.1: Composition of the three cast iron batches 

 Element (wt%) 

Sample C Mn S P Si Cr Cr N Cu Fe Cr/C 

ratio 

P1 1.98 0.28 0.022 0.029 0.2 24.01 24.01 0.22 0.03 49.22 12.13 

P2 2.78 0.28 0.019 0.026 0.17 23.97 23.97 0.23 0.03 48.53 8.62 

P3 2.96 0.29 0.02 0.027 0.18 23.87 23.87 0.23 0.03 48.52 8.06 

 

Prior to casting, the intended composition was calculated for specific values, after which 

ThermoCalc was employed to estimate the resulting phases in HCCIs, their total atomic 

percentages, as well as the temperatures at which the transformations occurred under 

equilibrium conditions. The resulting Cr/C ratios were used in order to bias the results for better 

analyses of the cooling behaviour of HCCIs as well as the changes that occur in the 

microstructure pertaining to carbide volume, size, shape, and morphology through large and 

minor changes in the C content. The Cr was intended to be fixed. However, due to differences 

in the casting process, including unintended spillages, weight alterations in raw materials, and 

the conducting of the casting process, the actual results slightly changed. The following process 

was followed for casting. Moulds were made using chromite sand, which was mixed with the 

binding agent bentonite and water. Mixing was done with a sand mixer for 1 min 30 seconds, 

just in time to ensure that the sand was well mixed but not long enough to bind in the mixer. 

After thoroughly mixing, the sand was then poured and packed into a wooden pattern and 

compacted. The sand was left to solidify for approximately 15 minutes. The mould was then 

released from the pattern and left to harden for a few days. The raw materials, which consisted 

of iron scrap, iron remelt, Fe-Cr, Fe-Mo, and sascurb, were heated up in a 40 kg induction 

furnace to 1500ÁC and left to completely melt and thoroughly mix. A scoop of the metal was 

taken from the melt and poured into thermal analysis quick cups, which had thermocouples 

that were then connected to Nova software. As the molten metal cooled down and solidified, 
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the thermocouples transferred the cooling curve data to Nova, which drew a solidification 

cooling curve for each of the cups. After getting the graphs, the molten melt was poured into 

the moulds. With each pour into the moulds, the remaining composition of the melt was 

adjusted to fit the second composition, then ultimately the third composition. The casts, as seen 

in Figure 3.2, were left to solidify overnight. The same procedure was repeated for all 3 batches 

of cast, whose compositions are reported in Table 3.1. 

 

Figure 3.2: High chrome cast iron ingots 

3.2 Methods 

3.2.1 Sample Preparation 

The samples are cut into 10Ĭ10Ĭ5 mm using a Gold San computer numerical control wire-

cutting electrical discharge machine. The samples were mounted using bakelite using a Struers 

Bainmount Twin H Auto Specimen Mounting Press. The mounted samples were taken for 

grinding and polished to give a mirror surface finish using grit paper from P400 to P1200. 
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Using MD-Chem polishing cloth, the samples were polished at a speed of roughly 120 to 150 

rpm using a Struers Tegramin-20 automatic polishing machine until a mirror surface was 

achieved. Non-crystallising colloidal silica was used to achieve the mirror finish required. The 

samples were etched using Murakamiôs reagents for 60 seconds using the immersion technique, 

then rinsed with distilled water.  

3.2.2 Heat Treatment 

Heat treatment was performed using the Bohler steel muffle furnace on three samples of each 

of the compositions. The following heat treatment procedure followed is represented by Figure 

3.3. This heat treatment procedure was informed by (China Patent No. CN102899469B, 2013). 

This particular procedure was chosen as the owners of the invention claimed the specific 

procedure improved the toughness of the high chrome cast iron while preserving the wear 

resistance of the material. The procedure was reported to improve the toughness of the material 

by refining grains from the continuous plate-like structure common to high chrome cast iron to 

thicker spherical shapes in Cr28 alloy. Additionally, the procedure was reported to promote 

better diffusion to get a more uniform microstructure, which effectively refines the grains, 

thereby improving toughness.  

 

Figure 3.3: Heat treatment procedure followed for HCCI samples as designed in China Patent 

No.CN102899469B (2013).  
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3.2.3 Hardness Testing 

Hardness testing for both the as-cast and heat-treated batches was done using the 

FutureTech Vickers Hardness tester (FM-800) equipped with a diamond indenter according to 

ASTM E92 standards as in ASTM E92-17 (2017), with the load set to 300 gf at 10 seconds 

dwell time. The hardness value of the samples for both as-cast and heat-treated batches was 

obtained by averaging at least five indentations made to each sample across three separate 

samples of the same composition, for a total of 15 indentations for one composition. Bulk 

hardness on larger samples was also done using a Brinell hardness indenter for bulk hardness 

analysis on the samples, as the material consists of two phases that cannot be accurately covered 

by the Vickerôs hardness indenter. The indentations were done using ASTME10-15 standards 

with parameters shown in Table 3.2 (ASTM E10-15, 2012). 

Table 3.2: Testing parameters for Brinell testing 

Brinell 

Hardness 

Ball 

Diameter 

D (mm) 

Force 

Diameter 

Ratio 

Nominal Value of Test 

Force, F 

Recommended 

Hardness Range 

HBW 

      N kgF   

HBW 

10/3000 10 30 29420 3000 95.5 to 650 
 

3.2.4 Wear Testing 

The pin-on-disc wear tests, dry abrasion tests, were conducted according to ASTM G99 

standards, as in ASTM G99-23 (2023) , on a CSM ball-on-disk tribometer. The tests were 

conducted at room temperature, under a 10 N load for 1 km using a 6 mm Al2O3 ball. Alumina 

wear balls are preferred over 100Cr6 steel balls when testing high-chromium cast iron (HCCI) 

samples because they provide more accurate and controlled wear measurements. Unlike 

100Cr6, which is metallic and similar in hardness to HCCI, alumina is a much harder ceramic 

material that resists deformation and wear. This ensures that most of the wear occurs on the 

HCCI sample, not the ball, allowing for a clearer assessment of the wear resistance of the alloy. 

Additionally, the chemical inertness of the alumina ball prevents reactions with the metal 

surface and avoids metal-to-metal adhesion, which can distort results (Pelleg, 2016). The white 

ceramic surface also makes it easier to observe material transfer from the HCCI sample, 

especially when adhesive wear occurs. As a result, alumina offers a more stable and reliable 

counterbody in tribological tests, especially under standards like ASTM G133, which 

recommend minimal wear on the ball. The total time came to 1 hr 23 mins. Table 3.3 shows 

the parameters used during the tests. 
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Table 3.3: Pin-on-disc wear testing parameters 

Testing parameters Values 

Sliding speed 0.10 m/s 

Sliding distance 1000 m 

Nominal load 10 N 

Acquisition radius 6 mm 

Humidity 40% 

Testing temperature 20Ñ5ÁC 

  

The traditional method was used to determine the wear volumes of the high chrome cast iron 

alloys based on the wear track's average maximum penetration depth (Bhushan, 1992). The 

average penetration depth technique is applied, assuming that the wear track has an elliptic 

curve, a profile of Hertzia. Using the Elcometer 7062 MarSurf PS10 surface roughness tester 

(profilometer) to measure the cross-sectional area of the wear scars by moving the stylus across 

the wear scar from the edge, the wear scar profiles of the alloys were analysed to obtain the 

data on the penetration depth of the wear tracks of the alloys. The HCCI alloys' wear volume 

(Vw) was determined using Equation 3.1.  

ὠ  ὃὖὨ     Equation 3.1 

Where: Vw= wear volume (mm
3), Aw = worn surface area (mm

2), and Pdmax= average 

penetration depth (mm). The specific wear rates (SWR) of the titanium alloys were calculated 

using Equation 3.2 (Archard, 1953; Kiefer, 2006). 

ὛὡὙ      Equation 3.2 

Where SWR = wear rate (mm3 /Nm), F = load (N), and s = sliding distance (m). This procedure 

was followed for both the as-cast and heat-treated samples. 

3.2.5 Corrosion Testing 

The electrochemical potential dynamic corrosion tests were conducted as per ASTM G5-94, 

(1999) standards with a potential dynamic analogic polarisation measurement for both the as-

cast and heat-treated batches. An A3 electrode electrochemical cell connected to a Gamry 

potentiostat setup was used for the testing. The electrolytes, 0.5M H2SO4, 0.5M NaOH, and 3.5 

wt.% NaCl solutions, were used for each of the compositions of the sample. A platinum wire 
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was used as the counter electrode, and an Ag/AgCl 3.5M KCl electrode was used as the 

reference, with the exposed surface of the HCCI samples as the working electrode. The test 

began with running an open circuit potential (OCP) test for 3600 seconds, followed by a linear 

polarisation scan ranging from -0.5 to 1 V at a standard scan rate of 0.1667 mV/s at room 

temperature. After the tests, the calculation of the corrosion potential (Ecorr), corrosion current 

density (Icorr), and corrosion rates was done according to ASTM G59-97 standards (ASTM 

G59 Standards, 2020). The corrosion rate was calculated using Equation 3.3 

 

ὅὙ  
 

    Equation 3.3  

where K = constant, EW = equivalent weight, and ɟ = calculated density 

3.2.6 Impact Toughness Testing 

The samples were tested according to ISO 179 testing standards (ISO 179-2, 2020). As shown 

in Figure 3.4, the typical Charpy impact test specimen had a notch machined across one of the 

larger dimensions and measured 55 × 10 × 10 mm, as in Figures 3.3(a) and (b). The energy that 

a conventional notched specimen absorbs when it breaks under an impact load was measured 

by the Tinius Olsen Charpy impact testing machine and recorded. In this test, the specimen 

was held firmly at both ends while being struck with a hammer on a pendulum arm, with the 

hammer hitting in the opposite direction facing the notch as shown in Figure 3.4(c). By 

monitoring the decrease in motion of the pendulum arm, the energy absorbed by the specimen 

was precisely ascertained. Low temperatures, high strain rates (from impact or pressurisation), 

and stress concentrators like notches are crucial elements that influence the toughness of the 

material. 
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Figure 3.4: (a) The standard Charpy impact test sample dimensions used for the HCCI 

samples (Barbosa et al., 2012) (b) a photograph of one of the test samples and (c) shows the 

machine and the mechanism of the Charpy impact test (Charpy Impact Testing, 2024). 

3.2.7 Microstructural Analysis and X-ray Diffraction 

Microstructural analyses were done using the Carl Zeiss SmartSEM SIGMA 03-39 at 

magnifications ranging from 200 X to 15.00 kX using both secondary electron and electron 

backscattered imaging in order to study the microstructural characteristics, carbide 

morphology, and phase distribution. The samples were analysed at 20 kV at a current of 30 

ÕAmps. Energy dispersive spectroscopy (EDS) analyses using an Oxford x-act PentaFET 

Precision Instrument with Inca for Windows 7 software to do spot and area analyses to help 

characterise the phases and other features of interest. The same analyses were done for the as-

cast samples, heat-treated samples, and corroded and worn surfaces. Additional phase analysis 

was done using the X-ray diffraction technique with the parameters of a Co KŬ radiation source 

[ɚ = 1.78899¡] at 30 kV and 25 mA within the 2ɗ range of 20 to 120Á at 25 ÁC. Failure analysis 

of the fracture surfaces after impact testing was done using a stereoscope in order to analyse 

the fracture patterns on the fractured surface. 
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Chapter 4: The Effects of Cr/C Ratio on the 

Microstructure of High Chrome Cast Iron 

 

4.1 Introduction 

The mechanical properties of HCCI, such as the hardness, toughness, wear, and corrosion 

resistance, are significantly affected by its microstructure, which comprises a hard carbide 

phase embedded in a softer matrix. The Cr/C ratio is a critical factor influencing the type, 

volume, and distribution of carbides within the microstructure. An increased Cr/C ratio 

typically reduces the carbide volume and promotes a more uniform distribution of carbides 

within the material, while a lower Cr/C ratio increases the carbide volume and promotes the 

growth of larger carbides within the microstructure (Kootsookos & Gates, 2004; Guo et al., 

2021). Heat treatment is a frequently utilised procedure to refine the microstructural properties 

of high chrome cast iron, improving its mechanical properties. Quenching and tempering can 

enhance the carbide structure and convert the matrix to martensite as well as promote secondary 

carbide precipitation. To optimise HCCI for various industrial applications, this section 

explores how the Cr/C ratio influences the carbide volume, phases, and morphology, and how 

these, in turn, impact the resulting microstructural properties. This will be achieved by 

analysing the microstructure of the cast samples, followed by a discussion of the observations. 

Additional techniques, such as EDS and XRD analysis, will be utilised to gain a deeper 

understanding of the microstructure. Additionally, this chapter examines how heat treatment 

further modifies high chrome cast irons microstructural properties.  

4.2 Role of Alloying Elements Composition on HCCI Samples 

The composition of the three cast iron batches, obtained through spark analysis after casting, 

is shown in Table 4.1, along with their Cr/C ratios and carbide volumes. The goal for samples 

P1 to P3 was to increase the carbon content (1.98ï2.96 wt%) from P1 to P3, representing the 

composition of hypoeutectic high-chromium cast iron, while keeping the chromium content 

relatively constant (>23 wt%). This introduced differences in the Cr/C ratio, as shown in Table 

4.1. Silicon, nickel, manganese, and copper are present at low levels (<0.03 wt%), while 

molybdenum is higher at >1 wt%. Sulphur and phosphorous were also kept at low levels (<0.3 

wt%). Iron makes up the majority of the composition, with a content of over 70 wt%. The 

carbide volume was calculated using a theoretical formula (Jacuinde et al., 2005). 
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 Ϸ#6  ρςȢσσ  Ϸ×ÔȢ#  πȢυυ  Ϸ×ÔȢ#Ò  ρυȢς%                 Equation 4.1 

Table 4.1: Composition of the three cast iron batches 

  Elements(wt%) 

Sample C Mn S Mo P Si Cr  Ni Cu Fe Cr/C   

ratio  

Theoretical 

Carbide 

Volume (%) 

P1 1.98 0.28 0.022 1.09 0.029 0.2 24.01 0.22 0.03 72.14 12.13 22.42 

P2 2.78 0.28 0.019 1.06 0.026 0.17 23.97 0.23 0.03 71.44 8.62 32.26 

P3 2.96 0.29 0.02 1.08 0.027 0.18 23.87 0.23 0.03 71.31 8.06 34.43 

 

4.3 Prediction of Phase Results using Thermocalc 

The ThermoCalc phase diagrams and compositional data provide valuable insights into the 

formation of phases and their evolution across different temperatures for samples P1, P2, and 

P3. These phases include the liquid phase, metallic matrices (FCC_A1 and BCC_A2), and 

carbides (M7C3, M3C2, and M23C6). Each sample shows a unique phase behaviour due to 

differences in Cr/C ratio and other compositional factors, which significantly influence the 

final carbide volume. The predicted phase formation is based on thermodynamic principles, 

including equilibrium phase stability, solute redistribution, and carbide precipitation kinetics. 
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Figure 4.1: Predicted phase diagram for P1 

 

 

 

Figure 4.2: Predicted phase diagram for P2 
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Figure 4.3: Predicted phase diagram for P2 

 

Figure 4.1 shows the predicted phase diagram for P1. For P1, the liquid phase begins forming 

at approximately 1290ÁC and dominates at higher temperatures, disappearing when the 

formation of the first phase, FCC_A1, begins. The FCC_A1 phase (austenite) is the primary 

metallic matrix, beginning formation at ~1290ÁC from the liquid, where it accounts for about 

80% of the volume. This gradually decreases until it completely disappears around 800ÁC 

when the BCC_A2 phase begins to form. Below 400ÁC, the BCC_A2 ferrite phase remains 

relatively stable, occupying ~73% of the microstructural volume. Carbide formation in P1 is 

dominated by the M7C3 phase, which forms at ~1290ÁC and steadily increases in volume 

before slightly decreasing when the M23C6 phase begins to form at ~850ÁC. M23C6 increases 

in volume until ~700ÁC, where it stabilises below 400ÁC. Below this temperature, the 

retained phases are ~73% BCC_A2 ferrite, ~15% M7C3, and ~12% M23C6 carbides. 

ThermoCalc predicts a total carbide volume of ~27%, which is slightly higher than the 

calculated carbide volume of 22.42% from the actual composition of the alloy presented in 

Table 4.1. 

 

Figure 4.2 shows the predicted phase diagram for P2. For P2, the liquid phase forms at 

~1290ÁC and transitions into FCC_A1 (austenite) and M7C3 carbides. FCC_A1 remains the 

dominant metallic matrix, accounting for approximately 65% of the volume above ~850ÁC, 

before gradually decreasing and disappearing as the BCC_A2 ferrite phase starts forming. 
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Below 400ÁC, BCC_A2 stabilises, occupying ~70% of the microstructure. M7C3 carbides 

form at ~1290ÁC and steadily increase in volume until ~400ÁC, where M3C2 carbides 

precipitate out, slightly reducing the M7C3 volume. Below 400ÁC, the retained phases are 

~72% BCC_A2, ~21% M7C3, and ~7% M3C2 carbides. ThermoCalc predicts a total carbide 

volume of ~28%, which is lower than the calculated value of 32.26% shown in Table 4.1. 

 

Figure 4.3 shows the predicted phase diagram for P3. For Sample P3, the liquid phase 

exhibits similar behaviour to P2, forming at ~1290ÁC and transitioning to FCC_A1, which 

remains stable up to ~850ÁC and accounts for ~65% of the volume before disappearing as 

the BCC_A2 phase starts forming. Below 400ÁC, BCC_A2 stabilises, occupying ~72% of 

the microstructure. Carbide formation is primarily driven by M7C3, which forms at ~1290ÁC 

and steadily increases until ~400ÁC, when M3C2 carbides precipitate, slightly reducing the 

M7C3 volume. Below 400ÁC, the retained phases are ~72% BCC_A2, ~17% M7C3, and ~11% 

M3C2 carbides. ThermoCalc predicts a total carbide volume of ~28%, which is lower than 

the calculated value of 34.43% in Table 4.1. 

 

Although there is a marginal difference between the predicted carbide volume from Thermo-

Calc and those obtained from the actual composition of the alloys, one common trend is that 

the progression from P1 to P3 demonstrates an increase in carbide volume, with P3 having 

the highest carbide fraction. Across all samples, the stability of the FCC_A1 matrix decreases 

as the carbide volume increases. The BCC_A2 ferrite phase was the highest phase retained 

across all three samples, taking about ~70% of the whole volume of the microstructure. This 

predicts that the ferrite phase is the phase that would make up the matrix, while the carbides 

would take up to 30% of the volume.  

 

4.4 Cooling Curves of the HCCI Samples 

Figure 4.4 illustrates the cooling behaviour of P1 during the casting process. The alloy followed 

a typical cooling pattern for hypoeutectic cast irons, cooling in a liquid cooling region reaching 

the liquidus temperature (TL) where solidification begins, followed by a dual phase liquid and 

solid region where the remaining liquid fully solidifies as the temperature decreases over a 

period of time. The pouring temperature was ~1280ÜC. Cooling in the liquid region (green) 

continued until the liquidus temperature (TL) of ~1270ÜC was reached after ~21 seconds. 
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Solidification began at this point (red) and was completed in 23 seconds at ~1200ÁC, bringing 

the total solidification time to 44 seconds.  

 

Figure 4.4: Cooling curve showing cooling behaviour for P1 

The cooling behaviour of P2, shown in Figure 4.5, followed a similar pattern but with 

significant differences. The pouring temperature was also ~1280ÜC, but the liquidus 

temperature was reached after ~41 seconds, resulting in a longer liquid cooling region 

compared to P1. Solidification in P2 took ~59 seconds, bringing the total solidification time to 

~100 seconds, indicating a significantly longer total solidification time. 

 

Figure 4.5: Cooling Curve showing cooling behaviour for P2 
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Figure 4.6: Cooling Curve showing cooling behaviour for P3 

Similarly, P3 followed the general cooling pattern of P1 and P2, as shown in Figure 4.6. 

However, P3 was poured at a higher temperature of ~1310ÜC, likely due to being held in the 

furnace longer. It took ~47 seconds for P3 to reach the liquidus temperature, which is ~6 

seconds longer than P2. Despite this, P3 had a shorter liquid cooling region than P2, cooling 

faster at ~1.06 ~1.06ÜC/s compared to that of P2 at ~0.54ÜC/s. This faster cooling rate, 

combined with the higher pouring temperature, accelerated heat extraction and the onset of 

solidification. Total solidification in P3 was completed at ~100 seconds, like in P2.  

4.5 Microstructures of As-cast HCCI Samples 

The microstructures of samples P1 to P3 after the casting process are shown in Figures 4.7aï

c. Table 4.2 shows the actual average primary carbide size along with their variance and 

primary and eutectic carbide volume. In Figure 4.7a, sample P1, with a Cr/C ratio of 12.13 and 

a calculated carbide volume of 22.42%, displays a dendritic microstructure (light phase) 

characterised by fine carbides and visible separation of matrix and primary carbides with wider 

dendrite arm spacing in between them, attributable to its low carbon content (1.98%). However, 

the actual average size shows that P1 has a carbide volume of ~26.26%. Additionally, P1 shows 

more directional needle-like-shaped primary carbides. Sample P1 in Table 4.2 also has the 

lowest average primary carbide volume of 143АÍ amongst the as-cast samples. The standard 

deviation of the primary carbides also presents low, showing it has a smaller carbide size 

difference, and the carbides are of uniform size with marginal differences.  
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Table 4.2: Average carbide size and volume of as-cast and heat-treated HCCIs 

 Carbide Size Carbide Volume 

Sample Perimeter (µm) Carbide Size 

Variance(µm) 

Carbide volume (%) 

P1 143.90 23.69 26.26 2.28 

P2 217.11 45.37 37.27 3.27 

P3 1431.85 1433.36 42.90 5.35 

 

Figure 4.7b showing the microstructure of P2 with a Cr/C ratio of 8.62, confirms a higher 

theoretical volume fraction of carbides (32.36%) as indicated in Table 4.1. However, the actual 

values present a bit higher at ~37.27%. The microstructure of P2 (Figure 4.7b) shows a more 

defined interconnected carbide network made up of hexagonal-shaped primary carbides and 

finer eutectic carbides. The matrix in P2 remains predominantly austenitic, but the carbides 

have either rounded, hexagonal, or acicular morphology, which are evenly dispersed 

throughout the microstructure. P2 in Table 4.2 also shows that it has coarser grains than P1 

with an average primary carbide size of 217 Õm. P2 also shows a relatively low carbide size 

variation, showing that the primary carbides are mostly of uniform size. 
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Figure 4.7: SEM image showing the microstructure of P1(a), P2(b) and P3(c). Light phase is 

the matrix; dark phase is the carbides. 

In Figure 4.7c, P3, with the lowest Cr/C ratio of 8.06 and the slightly higher theoretical carbide 

volume than P2 of 34.43% (Table 4.1), displays extensive carbide networks. However, the 

actual carbide volume presents a bit higher at ~42.90%. The primary carbides in P3 are 

significantly coarser and more continuous than those in P1 and P2. The volume of the matrix 

appears substantially covered by the primary and eutectic carbides. Additionally, P3 shows the 

greatest carbide size amongst the as-cast samples at an average of 1431 Õm. P3 also shows the 

greatest variation in primary carbide size, with the variation coming to 1433.36. This 

indicates the inconsistent size in the primary carbide sizes in thematrix.  Across the three 

samples, the carbide volume and morphology progressively change, with P3 showing the most 

pronounced features of carbide coarsening and boundary segregation. 

4.5.2 EDS Results of As-cast HCCI Samples  

Figure 4.8a-f shows the EDS analysis of the matrix of alloys P1, P2 and P3. The matrix for all 

samples is dominated by Fe and Cr. This is characteristic of an austenitic matrix observed in 

the light phase in Figure 4.7. Austenite in high chromium cast irons is usually the light phase 
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in SEM images due to its lower chromium content compared to carbides. Additionally, in cast 

iron, Cr is an austenite stabiliser. (Ma et al., 2011). 

 

Figure 4.8: SEM spot analysis for the matrix of P1(a), P2(c) and P3(e) and the corresponding 

spectrum for the analysis P1(b), P2(d) and P3(f). 

 

EDS analysis of the light phase typically shows higher Fe content and lower Cr, indicating it is 

part of the metallic matrix (Purevdorj et al., 2024). The matrix in high chromium cast iron is 

primarily Fe with small amounts of Cr because chromium preferentially forms carbides during 

solidification. While some Cr remains in the matrix to stabilise the austenitic structure, most of 

it is used up in the carbide phases, leaving Fe as the dominant component of the metallic matrix. 

These observations agree with common observations for HCCI matrices, such as those by 

Scandian et al. (2009), Karantzalis et al. (2009) and Guitar et al. (2020). The detection of silicon 

could potentially be caused by residue from colloidal silica used in polishing. 
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Figure 4.9a-f shows the EDS results for the carbides in samples P1, P2, and P3 along with their 

corresponding spot analysis images. The spectrums for carbides (Figure 4.9b, d and f) show 

high peaks for Cr, followed by Fe, along with smaller peaks for C in all three samples. This 

pattern is typical of chromium carbides, likely M7C3 or M23C6, where "M" represents Cr and 

Fe. In contrast, the matrix spectrum (Figures 4.8 b, d, and f) shows a higher concentration of 

Fe with some Cr. The EDS spectrum for carbides shows significantly more Cr than Fe in the 

carbides because chromium is naturally the dominant element in M7C3 carbides. According to 

Wiengmoon et al. (2011), chromium has a strong tendency to bond with carbon, making it the 

main component in carbide formation, particularly in high chromium cast irons where 

chromium is abundant. Iron, while present, substitutes for chromium to a lesser extent because 

chromium is more effective at forming stable carbides like M7C3 and tends to concentrate in 

the carbides rather than in the matrix. Additionally, during solidification, chromium segregates 

into the carbides, further increasing their Cr content (Guitar et al., 2020).  
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Figure 4.9: SEM spot analysis for the carbides of P1(a), P2(c) and P3(e) and the 

corresponding spectrum for the analysis P1(b), P2(d) and P3(f). 

From the EDS analysis alone, the carbide type is inconclusive and requires additional XRD 

analysis. However, considering that the microstructures were obtained from as-cast alloys, the 

carbides are more likely to be M7C3 than M23C6, as M23C6 is typically associated with heat 

treatment and appears smaller and more rounded. The larger, hexagonal carbides observed in 

the microstructure are characteristic of M7C3. This is supported by studies such as those by 

Guo et al. (2016); Li et al. (2016) and Oanh & Viet (2020).The presence of Mo in the EDS 

peaks suggests that molybdenum contributes to carbide formation, enhancing their properties. 

The Mn peak, however, is likely an overlap with Fe, as Mn is present in such low quantities 

that it cannot be accurately detected. 
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4.5.3 XRD results of As-cast HCCI Samples 

Figures 4.10a-c shows the XRD results for the as-cast conditions of P1, P2, and P3. The results 

show peaks corresponding to austenite (ɔ-phase) and M C  carbides. These peaks are observed 

at specific angles of 2ɗ, and their positions and intensities reveal the phases present in each 

alloy. For P1, Figure 4.10a, the major peak for austenite is observed around 60Ü, while for P2, 

Figure 4.10b, and P3, Figure 4.10c, the major peaks for austenite are observed around 50Ü with 

smaller ones observed at 60Ü and 90Ü for P3. The peaks for M C  carbides appear at 

approximately 44Á, 50Á, and 60Á, with a few additional ones in between.  

 

Figure 4.10: XRD patterns for samples P1 (a), P2 (b), and P3 (c) as-cast and after heat-

treatment. 

The specific angles for these peaks are consistent across the alloys, but the relative intensities 

of the austenite and M C  peaks vary significantly. P1 shows the strongest austenite peaks and 

weaker M C  peaks, reflecting its austenite-dominated microstructure. In contrast, P2 and P3 

show relatively more peaks detecting M C , with P3 exhibiting higher intensity peaks of M C  
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phase and comparatively weak austenite peaks, indicating a progressively higher carbide 

volume fraction and reduced metallic matrix. 

The observed peaks and their positions match those reported in literature for high chromium 

cast irons. Studies such as Li et al. (2009), Guitar et al. (2020), and Touhami et al. (2023) report 

similar 2ɗ angles for austenite and M C  carbides. The XRD results confirm the phases 

observed in the SEM images are M7C3 carbides in an austenitic matrix. In P1 in Figure 4.10a, 

the weaker M C  peaks correspond to the finer and more dispersed carbides seen in the 

microstructure. For P2 in Figure 4.10b, the detection of both austenite and M C  through peak 

intensities reflects the higher carbide volume in the austenitic matrix observed in the SEM. In 

P3 shown in Figure 4.10c, the dominant M C  peaks align with the extensive and 

interconnected carbide networks seen in the microstructure. Overall, the XRD results 

corroborate the phase distribution and morphology observed in the SEM images.  

4.6 Microstructures of Heat-Treated HCCI Samples  

Figure 4.11a-c shows the SEM images of P1 after heat treatment (P1ht), P2 after heat treatment 

(P2ht), and P3 after heat treatment (P3ht) exhibiting notable microstructural changes. Table 4.3 

shows the average primary carbide size of as-cast and heat-treated HCCI samples determined 

through ImageJ analysis. The carbide volume could not be determined using this technique, as 

the secondary carbides were too fine to be detected accurately for analysis. In Figure 4.11a, 

P1ht shows a significantly finer microstructure, indicating substantial grain refinement. The 

M7C3 carbides in P1ht appear smaller, fragmented, and more densely distributed throughout 

the matrix, leading to a more compact and refined structure. This suggests that heat treatment 

facilitated carbide redistribution, promoting a more uniform dispersion of elements into the 

carbide and matrix phases. In contrast, the as-cast P1 microstructure displayed more directional 

primary carbides with a wider dendrite arm spacing in the austenitic matrix. The heat treatment 

process effectively reduced this directional arrangement, breaking up the primary carbides and 

leading to a denser, more homogeneous carbide network. The increased dense packing of 

carbides in P1ht further highlights the microstructural refinement, enhancing phase uniformity 

and reducing segregation effects compared to the as-cast state. This is evidenced by the 

decrease in carbide size shown in Table 4.3, where the average primary carbide significantly 

dropped to ~99.65 Õm from ~1453.90 Õm in the as-cast. Additionally, the carbide variance 

significantly dropped to  ρ2.08 µm showing that after recrystallisation the primary carbides 

were all relatively the same size. This shows the effect of homogenisation that came with 

recrystallisation.  
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The microstructure of P2 in Figure 4.2b shows a relatively fine distribution of primary M7C3 

carbides, which are blocky and hexagonal in shape and homogeneously dispersed within the 

matrix. In contrast, P2ht exhibits coarser primary M7C3 carbides that are larger and more 

prominent. This is evidenced by the large change observed in the grain size of the P2ht versus 

P2 with the P2ht increasing to an average grain size of 570.01Õm from 143.90 Õm in 

P1.This coarsening occurs due to the prolonged growth of carbides at elevated temperatures, 

leading to greater variation in the sizes of both primary and eutectic carbides. The increased 

variation in primary carbide size as seen in Table 4.3 in P2ht of 612.22 Õm is evidence of 

this.  Distinct growth patterns are visible in the heat-treated sample, highlighting this increased 

carbide size variance. Despite the coarsening of primary carbides, the matrix in P2ht retains its 

refinement and homogeneity. This suggests that some redistribution of alloying elements has 

occurred, reducing segregation of elements between the carbides and the matrix compared to 

the as-cast sample. As a result, while the primary carbides in P2ht are coarser than in as-cast 

P2, the overall matrix appears to remainins uniformly covered by eutectic M7C3 carbides. The 

redistribution of elements plays a key role in maintaining phase homogeneity and ensuring a 

more uniform microstructure despite the differences in carbide size. 

The microstructure of P3 in Figure 4.11c shows large, elongated primary M7C3 carbides 

arranged in an austenitic matrix in an interconnected pattern, with visibly less connectivity 

between the primary and eutectic carbides. These carbides are sharply defined and aligned, 

giving the microstructure a strong directional appearance. In contrast, the microstructure of 

P3ht retains its coarse primary carbides; however, they are now less continuous and plate-like, 

appearing more blocky in shape. Table 4.3 shows the reduction in primary carbide size in P3ht 

of 1056.26 Õm from 1431.85 Õm. The network of primary and eutectic carbides in P3ht 

appears more interconnected than in the as-cast sample, reducing the strong directional effect 

seen in P3. Additionally, while the primary carbides remain coarse, their elongation is more 

limited, contributing to a structure where the carbide network is more evenly spread throughout 

the matrix rather than forming distinct, elongated patterns. The carbide variation also decreased 

from 1433.36 µm in as-cast P3 to 1032.81 µm which indicates that the size difference of 

the carbides was also decreased, however the retained high variance carbides still remained the 

coarsest amongst the heat-treated samples.  
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Table 4.3: Average primary carbide size of as-cast and heat-treated HCCIs. 

 Carbide Size 

Sample Perimeter (µm) Carbide Size Variance(µm) 

P1 143.90 23.69 

P2 217.11 45.37 

P3 1431.85 1433.36 

P1ht 99.65 12.08 

P2ht 570.01 612.22 

P3ht 1056.26 1032.81 

 

 

Figure 4.10: SEM images of microstructures after heat-treatment for P1ht(a), P2ht(b) and 

P3ht(c). 

SEM images showing precipitates in the matrix at 5000x magnification are shown in Figure 

4.12 a-c. In addition to the observed changes above, the high-resolution SEM images in Figure 

4.12a-c confirm the presence of secondary carbides of M C  type as confirmed by the XRD in 

Figure 4.10 precipitated after heat treatment. These secondary carbides are much smaller and 
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rounder-shaped and embedded in the matrix compared to the primary and eutectic carbides 

found in the as-cast microstructure. The redistribution of chromium and carbon during heat 

treatment is critical in promoting the growth and refinement of these secondary carbides, 

making the microstructure more homogeneous (Guo et al., 2016). The Cr/C ratio plays a 

significant role in this process by influencing the availability of free carbon and chromium and 

the stability of carbide phases.  

FiFigure 4.11: SEM images showing precipitates in the matrix of P1ht(a), P2ht(b) and P3ht 

(c) at 5000x. 

4.6.1 EDS Results of Heat-Treated HCCI Samples 

The EDS spectrum in Figure 4.13b shows the composition of the secondary carbides spot 

analysis done as shown in Figure 4.13a. The pattern in this spectrum is similar to the patterns 

observed for the primary carbides in the as-cast microstructure. This is characterised by 

prominent Cr peaks, with Fe peaks nearly as high and the presence of C and Mo in the carbides. 

These results suggest that the precipitated carbides could be of the M C  type. However, the 

analysis is inconclusive because the analysed spots were too small, and the detector could have 



ΦΠ 
 

been analysing the surrounding areas as well. This may have introduced bias to the results. To 

confirm these observations, additional techniques such as XRD should be used. 

 

Figure 4.12: EDS a) image of spot analysis done of carbide and b) spectrum of the spot 

analysis. 

4.6.2 XRD Results of Heat-Treated HCCI Samples Microstructure 

The XRD in Figures 5.10a-c confirms the precipitation of carbides of the M C  nature. The 

major peaks of the austenite and M7C3 carbides are seen at a 2ɗ angle of 50Ü and additional 

austenite angles around 75Ü. P3 in Figure 4.10c has additional peaks for M7C3 carbides around 

45Ü and 60Ü. Additionally, the peaks are of higher intensities than for P1 to P3 as-cast, 

confirming the overall increase of carbides in the matrix. This result can also be related to the 

heat treatment process and the differences in Cr/C ratios between P2ht and P3ht. The 

transformation and precipitation of secondary carbides observed in the findings of the 

microstructural and EDS analyses are validated by the XRD confirming the evolution of the 

material during heat treatment. 

 

4.7 Discussion 

4.7.1 Solidification Kinetics of the As-Cast HCCIs 

The cooling behaviour of hypoeutectic high-chromium cast irons is influenced by several key 

factors that govern heat extraction, solidification kinetics, and final microstructure 

development. The chemical composition, particularly the Cr/C ratio, affects how phases 

nucleate and grow, as chromium promotes carbide formation while carbon influences thermal 

conductivity and heat dissipation (Yang & Li, 2012; Gong et al., 2017). Cooling rate plays a 

crucial role in determining primary phase formation, dendritic structure, and carbide 

morphology, with faster cooling refining microstructural features and slower cooling allowing 

for coarser growth (Chen et al., 2006; Huang et al., 2019). The carbide volume fraction impacts 

heat extraction efficiency, as carbides act as heat sinks but also release latent heat during 
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formation, which can momentarily slow cooling. Segregation effects, driven by variations in 

chromium and carbon distribution, further influence the way solidification progresses, 

affecting the size and continuity of carbides. Additionally, mould material, casting conditions, 

and thermal gradients contribute to variations in cooling behaviour by altering how efficiently 

heat is transferred away from the molten metal fast. These factors collectively determine the 

microstructure and mechanical properties of the final casting.  

The differences in cooling behaviour and solidification times across the samples are influenced 

by their Cr/C ratios and cooling rates. Figure 4.4 shows the cooling curve for sample P1 with 

the highest Cr/C ratio (12.13); the total solidification time for this alloy was the shortest. High 

Cr/C ratios in high-chromium cast irons reduce carbide formation because the excess 

chromium limits the availability of free carbon needed to form carbides like M C  (Yang & Li, 

2012). This results in fewer carbides precipitating, leading to shorter diffusion distances for 

alloying elements during solidification and facilitating faster heat extraction (Xu et al., 2017). 

Consequently, the solidification process is accelerated, resulting in a more refined 

microstructure. Studies like that of Lou et al.(2016) have shown that higher Cr/C ratios limit 

carbide precipitation, leading to faster solidification.  

In Figure 4.5 , P2 (Cr/C = 8.62) and P3 (Cr/C = 8.06) in Figure 4.6, where the Cr/C ratio is 

significantly lower than P1 and marginally different between P2 and P3, the solidification 

kinetics can become a bit more complex. The cooling and solidification process is crucial in 

determining the final microstructure, particularly the size, distribution, and morphology of the 

primary and eutectic carbides. The solidification behaviour is influenced by several key factors, 

including cooling rate, Cr/C ratio, primary and eutectic carbide volume fraction, elemental 

segregation effects, and latent heat release during phase transformations. During the liquid 

cooling phase, heat may be removed from the molten alloy through three primary mechanisms: 

conduction, convection, and radiation (Li et al., 2022). However, the rate at which this heat is 

extracted is not uniform and depends on the thermal properties of the liquid metal, its 

composition, and interactions with the surrounding environment (e.g., mould material, heat 

sinks, and cooling conditions). 

Between the two samples, P3 in Figure 4.6 exhibits a faster liquid cooling rate (1.06ÁC/s) 

compared to P2 (0.54ÁC/s). This difference can be attributed primarily to the higher carbon 

content in P3 (2.96% vs. 2.78% in P2), which influences thermal conductivity and heat 

dissipation efficiency. Carbon plays a significant role in the heat transfer mechanisms of molten 
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metals by affecting electron mobility and convective heat transfer (Guo et al., 2021). In metallic 

systems like HCCIs, heat is predominantly transported through free electron movement, 

meaning that elements influencing electron density impact thermal conductivity. Since carbon 

is a small interstitial element, it enhances electron mobility in the liquid phase, increasing 

thermal diffusivity and allowing heat to be transferred and dissipated more efficiently (Rost et 

al., 2020; Chen et al., 2023). 

Additionally, carbon affects the formation of convection currents within the molten alloy. These 

currents arise due to temperature gradients, causing density variations in the melt. Higher 

carbon content in P3 may lower the viscosity of the liquid phase, enabling stronger convective 

flow and more efficient internal heat transport (Deng et al., 2018; Feng et al., 2021). This 

promotes faster cooling by reducing thermal resistance within the molten metal, further 

contributing to the higher cooling rate in P3. In contrast, P2, with its lower carbon content, may 

experience weaker convection-driven heat extraction, causing it to cool more slowly in the 

liquid state (Demmel et al., 2021; Feng et al., 2021). However, this occurs at a micro-level, as 

the differences in carbon between P2 and P3 are marginal. 

Apart from carbon content, the carbide volume fraction also influences cooling behaviour. P3 

has a slightly higher carbide volume (~34.43%) compared to P2 (~32.26%), meaning that 

slightly more nucleation of primary and eutectic carbides occurs. As carbides begin to form, 

they act as heat sinks, extracting heat from the surrounding liquid and accelerating heat removal 

from the system (Guo et al., 2016). Since P3 has more primary and eutectic carbides forming, 

this further increases its cooling rate. However, carbide formation also releases latent heat, 

which can temporarily slow down the cooling process in localised regions (Guo et al., 2021). 

The balance between heat extraction due to carbide formation and heat retention due to latent 

heat release plays a crucial role in determining the actual solidification kinetics of the alloy 

(Guo et al., 2016; Ibrahim et al., 2021).  

Despite P3 cooling more quickly in the liquid state, the final carbide structure in P2 (Figure 

4.7b) was finer, suggesting that the eutectic cooling stage played a more dominant role in 

shaping the microstructure. The slightly higher Cr/C ratio in P2 encouraged more nucleation 

sites for carbide formation, preventing excessive growth and leading to a more refined 

dispersion (Yang et al., 2007). On the other hand, P3 (Figure 4.7c), with its slightly lower Cr/C 

ratio and greater overall carbide volume, provided more room for carbide coalescence, 

allowing larger, more connected carbides to develop (Yang et al., 2007). Segregation likely 
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played a role as well. P3 may have retained more carbon and chromium in localised regions, 

delaying carbide precipitation and giving them additional time to grow and merge. Since both 

alloys completed solidification in the same time frame (100 seconds), the way heat was 

extracted during eutectic transformation had a stronger impact on primary and eutectic carbide 

morphology than the initial cooling rate in the liquid phase. The result was a more refined and 

dispersed carbide network in P2, while P3 exhibited coarser carbides that were more 

interconnected (Zhao et al., 2021; Gu et al., 2024). In the end, the rapid eutectic cooling in P2 

and higher nucleation density resulted in a finer carbide structure, whereas the slightly slower 

eutectic solidification in P3 and greater carbide volume encouraged coarser growth, despite the 

faster initial cooling rate in the liquid phase. 

4.7.2 Microstructure of As-Cast HCCIs 

The microstructure of HCCIs is primarily determined by its chromium and carbon content, 

particularly in hypoeutectic compositions. Chromium is a strong carbide-forming element that 

stabilises the austenitic matrix and promotes carbide formation (Ma et al., 2011). Carbon plays 

a key role in determining the volume, size, and morphology of carbides, influencing the 

mechanical properties of the material (Imurai et al., 2014; Guo et al., 2021). A higher Cr/C ratio 

typically results in finer, more evenly distributed carbides, whereas a lower Cr/C ratio promotes 

the growth of larger, more interconnected carbide structures (Kootsookos & Gates, 2004; Guo 

et al., 2021). The balance between these two elements dictates the overall solidification 

behaviour, carbide formation, and matrix composition in HCCIs, affecting their mechanical 

performance. 

The microstructure of HCCIs is significantly influenced by its carbon content. When the carbon 

content is below 2.45%, as seen in P1, the microstructure tends to be predominantly dendritic. 

This is because the first phase to solidify from the melt in lower-carbon compositions is 

austenite, which forms in a dendritic structure. This dendritic austenite structure is a common 

feature in hypoeutectic compositions, which contain less carbon than the eutectic (Guo et al., 

2016; Ibrahim et al., 2021). The low carbon content slows carbide formation during 

solidification, allowing dendrites to develop as the primary phase (Ma et al., 2006). As cooling 

continues, carbides (dark phase) start to precipitate at the borders of the dendrites, preserving 

the dendritic pattern. The process of segregation occurs because elements like carbon, 

chromium, and other alloying elements distribute unevenly between the solid and liquid phases 

during solidification (Ma et al., 2006). This uneven distribution is due to differences in their 

solubility and partitioning behaviour, where elements less soluble in the solid phase, such as 
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carbon, are rejected into the liquid, while elements more soluble, such as chromium, 

concentrate in the solid (Huang et al., 2017). This segregation leads to regions with varying 

chemical compositions and wider dendrite arm spacing between the carbides and matrix (Ma 

et al., 2006). 

Higher segregation levels of Cr and C in compositions with a higher Cr/C ratio can further 

increase dendrite arm spacing due to the uneven distribution of solute elements (Xia et al., 

2011; Zhao et al., 2013; Wan et al., 2021). Chromium, which strongly partitions between the 

solid and liquid phases, accumulates at the solid-liquid interface, slowing down solidification 

and allowing for greater dendrite coarsening (Ma et al., 2006; Scandian et al., 2009). This 

delays nucleation and encourages the growth of fewer, more widely spaced dendrites. 

Additionally, the reduced availability of nucleation sites due to solute buildup further 

contributes to a coarser microstructure. This effect is particularly pronounced in hypoeutectic 

and near-eutectic compositions, where carbide formation is delayed, allowing the primary 

austenite dendrites to grow larger before carbide precipitation occurs. As a result, high Cr/C 

ratio compositions, due to their increased segregation tendencies, promote larger dendrite arm 

spacings (Ma et al., 2006; Wan et al., 2021). 

The EDS and XRD analyses confirm the phase distribution and composition of the as-cast 

microstructures in P1, P2, and P3. The EDS analysis reveals that the light phases in the 

microstructure contain higher Fe and lower Cr, confirming that they are part of the metallic 

matrix, which is primarily austenitic. This is expected in high-chromium cast irons, where 

chromium preferentially forms carbides during solidification, leaving Fe as the dominant 

component in the matrix (Purevdorj et al., 2024). While some Cr remains in the matrix to 

stabilise the austenitic structure, most of it is concentrated in the carbides. This observation 

aligns with previous studies on high-chromium cast irons, such as those by Karantzalis et al. 

(2009), Scandian et al. (2009), and Nayak et al. (2020). Additionally, the XRD analysis 

confirms the presence of austenite and M C  carbides in all samples, supporting the observed 

microstructures and the phase distribution expected from their composition. 

Figure 4.7a shows the SEM image of the microstructure in P1. The high Cr/C ratio in P1, as 

seen in Table 4.1, indicates that there is significantly more chromium relative to carbon, which 

influences the type and distribution of carbides formed. At this Cr/C ratio, the primary type of 

carbide expected is M C  (Abd El-Aziz et al., (2015); Shimizu et al., (2019). M C  carbides are 

favoured at elevated chromium levels because chromium has a strong affinity for carbon, which 
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stabilises the carbides (Scandian et al., 2009). The high Cr/C ratio ensures sufficient chromium 

availability to bind with carbon, leading to finer and more uniformly distributed primary 

carbides in the microstructure. The presence of these primary M7C3 carbides can also be 

attributed to the role of chromium in suppressing graphite growth and stabilising the austenitic 

matrix during solidification (Guitar et al., 2020).  

Figure 4.7b shows the SEM image of the microstructure in P2. In contrast, P2 shows significant 

changes in its microstructure compared to P1. The decrease in the Cr/C ratio from P1 to P2 

significantly affects the microstructure by increasing the volume and coarseness of some of the 

carbides in the matrix. It also defines the shape and morphology of the primary carbides, which 

appear as hexagonal-shaped carbides (Liu et al., 2025) surrounded by eutectic carbides (darker, 

finer phase), forming a network and increasing interconnection within the matrix. Carbon is 

crucial for the formation of both primary and eutectic carbides, which are present in the 

austenitic matrix (light phase) (Guo et al., 2021; Zhang et al., 2021). The higher carbon content 

and lower Cr/C ratio lead to increased carbide precipitation, promoting a more interconnected 

carbide structure. 

Figure 4.7c shows the SEM image of the microstructure in P3. P3 exhibits a structure 

characterised by large, plate-like, extensive, and continuous primary carbides in a network of 

smaller eutectic carbides, attributable to its low Cr/C ratio. The elevated carbon content 

facilitates the substantial development of chromium carbides, particularly M C , which become 

more interconnected within the matrix (Zhang et al., 2021). The microstructure of P3 is less 

refined than that of P1 and P2, with larger primary carbides primarily forming along grain 

boundaries. The segregation of chromium and carbon at grain boundaries plays a crucial role. 

Guo et al. (2021) report that lower Cr/C ratios result in more carbon being available to combine 

with chromium, leading to the formation of larger primary carbides at these boundaries. This 

is because the grain boundaries act as preferential sites for carbide nucleation and growth due 

to the higher grain boundary energy state and the presence of solute atoms. This energy is 

higher at the grain boundaries due to the disrupted atomic structure and the presence of solute 

atoms, making these sites energetically favourable for nucleation processes. The presence of 

grain boundary primary carbides disrupts the continuity of the austenitic matrix, contributing 

to a coarser microstructure. The larger primary carbides in P3 suggest extended carbide growth 

during solidification, as the diminished Cr/C ratio promotes coarser carbide structures due to 

longer growth periods (Zhang et al., 2018). 
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Overall, these results confirm that the carbide content increases from P1 to P3, in line with their 

Cr/C ratios and carbide volume fractions. The combination of EDS and XRD analyses supports 

the presence of M C  carbides in an austenitic matrix, with the carbide distribution and 

morphology varying according to composition. These findings align with existing literature on 

high-chromium cast irons, reinforcing that chromium strongly bonds with carbon to form stable 

carbides during solidification, leading to distinct microstructural differences among the 

samples (Wiengmoon et al., 2011; Guitar et al., 2020). 

4.7.3 High Chrome Cast Iron Samples: Microstructure versus Thermo-

Calc Prediction 

The microstructural results in Figure 4.7a-c and ThermoCalc predictions in Figure 4.1a-c show 

some similar trends, but there are also clear differences. Both methods show that the amount 

of carbides increases from P1 to P3 as the carbon content increases and the Cr/C ratio decreases. 

They also agree that M7C3 is the main carbide phase in all the samples, with smaller amounts 

of secondary carbides like M23C6 and M3C2 forming at lower temperatures. Similarly, both 

show that FCC_A1 (austenite) is the main matrix phase at high temperatures; however, in the 

Thermocalc prediction, the FCC_A1 phase transforms into BCC_A2 (ferrite) as the 

temperature drops. 

Thermo-Calc prediction and the actual microstructural features did not agree completely in 

terms of the total amount of carbides. For P1, Thermo-Calc predicts 27% carbide volume, while 

the actual value is also approximately the same at ~26.26%. For P2 and P3, Thermo-Calc 

predicts 28% and 30%, respectively, but the actual values are higher at 37.26% and 42.90%, 

respectively. These differences arise because Thermo-Calc assumes equilibrium conditions, 

where all phases have enough time to fully form and stabilise (Galvan et al., 2014; Saal et al., 

2018). In P1, the high Cr/C ratio (12.13) means there is more chromium available compared to 

carbon. Chromium strongly stabilises carbides like M7C3, making their formation more 

predictable under equilibrium conditions (Galvan et al., 2014). Since there is less excess 

carbon, carbide growth happens in a controlled way, reducing the chances of extra carbide 

formation during cooling. This makes the actual carbide volume closer to what Thermo-Calc 

predicts because the solidification process follows equilibrium more closely. In P2 and P3, the 

higher carbon content and reduced Cr/C ratios promote more extensive carbide formation, even 

under non-equilibrium conditions, which results in higher measured volumes than predicted 

(Panichkin et al., 2023). 
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Another key difference is in the shape and arrangement of the carbides. In P1, as observed in 

Figure 4.7a, the carbides are finer and more evenly spread, but in P2 and P3 (Figures 4.7b and 

c), some are coarser and more interconnected, often forming along grain boundaries. These 

features occur due to the effects of segregation of elements during solidification and the faster 

cooling rates, which Thermo-Calc does not simulate under non-equilibrium conditions 

(Panichkin et al., 2023; Sudhakar et al., 2022). This grain boundary segregation in P2 and P3 

helps larger carbides grow in those areas, which increases the overall carbide volume. 

ThermoCalc predicts a ferritic (BCC_A2) matrix for all three samples because it assumes 

equilibrium conditions where significant carbide formation depletes the matrix of chromium 

and carbon, stabilising ferrite. In contrast, the actual microstructures show an austenitic 

(FCC_A1)-dominated matrix. This happens because rapid cooling during solidification 

prevents complete carbide precipitation and chromium depletion, allowing the FCC_A1 phase 

to dominate in the actual samples (Panichkin et al., 2023; Gundlach & Tartaglia, 2024). 

The formation of secondary carbides, like M23C6 and M3C2, also differs between Thermo-Calc 

and the microstructural results. Thermo-Calc predicts secondary carbide precipitation in all the 

alloy samples. However, secondary carbides need enough carbon to form, and with most of it 

already used during solidification, there is not enough left to promote the secondary 

precipitation of these carbides as predicted by ThermoCalc. ThermoCalc assumes the alloy 

cools slowly and reaches equilibrium, where primary carbides are stable and there is little drive 

for new carbide formation (Siekaniec et al., 2022; Goto et al., 2023; Panichkin et al., 2023). 

Additionally, the high chromium content stabilises the matrix, keeping chromium dissolved in 

the matrix instead of forming secondary carbides (Sasaguri et al., 2019). Fast cooling rates 

during casting could also inhibit secondary carbides from forming because there is not enough 

time for them to nucleate and grow (Sasaguri et al., 2019). 

ThermoCalc gives a good idea of the general trends in phase and carbide formation across the 

samples, but it did not fully align with the practical results that were obtained. However, the 

observed microstructures reveal the impact of non-equilibrium conditions, such as rapid 

cooling, segregation, and kinetic constraints, which ThermoCalc did not account for. These 

factors explain the differences in carbide amounts, shapes, and the type of matrix seen in the 

samples.  
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4.7.4 Microstructure of Heat-Treated HCCIs 

The differences between the as-cast and heat-treated microstructures in P1, P2, and P3 can be 

explained by the diffusion process and recrystallisation occurring during heat treatment and the 

impact of their corresponding Cr/C ratios. In P1 (Figure 4.7a), the elevated Cr/C ratio is 

essential for microstructural refinement. P1 displays slightly coarser, elongated primary 

carbides resulting from the segregation of chromium and carbon during solidification. The 

microstructure of P1ht in Figure 4.11a shows that heat treatment induces recrystallisation, 

facilitating the reorganisation of the matrix and the more uniform redistribution of alloying 

elements, or homogeneity (Ai et al., 2011). Heat treatment induces recrystallisation, which 

plays a crucial role in refining the microstructure by promoting the reorganisation of the matrix 

and facilitating the uniform redistribution of alloying elements. Heat treatment induces 

recrystallisation, which refines the microstructure by forming new, strain-free grains that 

replace deformed ones, reducing segregation and improving uniformity. At high temperatures, 

atoms move more freely, allowing chromium and carbon to redistribute more evenly between 

the matrix and carbides. This enhances carbide dispersion, transforming elongated carbides 

into more blocky shapes and creating a more balanced and stable structure. As a result, the 

matrix becomes more uniform, reducing weak points and improving mechanical properties like 

hardness, wear resistance, and toughness (Sakai & Miura, 2010, 2012; Hagemann et al., 2012). 

This transformation enhances the overall homogeneity of the microstructure by reducing 

elemental segregation effects and improving phase distribution. Furthermore, the elevated 

temperatures during heat treatment enhance diffusion-driven redistribution of alloying 

elements such as chromium and carbon. This reduces compositional gradients that may have 

developed during solidification, leading to a more balanced distribution of elements between 

the matrix and primary and eutectic carbides (Strobl & Haubner, 2020; Baharudin et al., 2022). 

As a result, carbide phases become more uniformly dispersed, refining their morphology and 

limiting excessive coarsening or elongation. The elevated chromium concentration stabilises 

finer carbides by forming strong bonds with carbon, hence reducing the availability of free 

carbon that promotes carbide development (Ai et al., 2011). This likewise diminishes carbon 

diffusion, preventing excessive coarsening. The elongated carbides in P1 decompose into 

smaller, more uniform particles, resulting in a finer, more homogeneous matrix in P1ht, in 

contrast to the coarse morphology of the as-cast state.  
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In P2 (Figure 4.7b), the reduced Cr/C ratio indicates an increased availability of carbon in 

relation to chromium, facilitating primary carbide growth during heat treatment. P2 exhibits 

relatively small, blocky hexagonal-shaped primary M7C3 carbides; however, in P2ht (Figure 

4.11b), these carbides enlarge while retaining some homogeneity of carbide dispersion 

throughout the matrix. This introduces some variability in carbide size by increasing the size 

difference in the primary and eutectic carbides. However, some good interconnectedness in 

between carbides was maintained. Heat treatment helps spread alloying elements more evenly 

in the matrix, making the microstructure more uniform (Shi & Zhang, 2017). When the metal 

cools after casting, elements like chromium and carbon tend to separate unevenly between the 

solid and liquid parts, creating differences in composition. This can lead to an uneven 

distribution of primary and eutectic carbides. Heat treatment facilitates an increase in the 

movement of atoms at high temperature, allowing elements to mix more evenly throughout the 

matrix. At high temperatures, atoms move more freely, allowing elements to spread from areas 

with high concentrations to areas with low concentrations (Sun et al., 2008; Shi & Zhang, 

2017). As a result, primary and eutectic carbide formation becomes more uniform, preventing 

excessive clustering or depletion of key elements in specific regions. This redistribution also 

refines the microstructure by reducing the likelihood of coarse, interconnected primary and 

eutectic carbides, leading to a more balanced phase distribution. Heat treatment also makes the 

matrix more stable by reducing segregation and encouraging the formation of a more uniform 

austenitic microstructure depending on the composition and heating conditions (Sun et al., 

2008). With fewer areas of concentrated elements, the material becomes stronger and more 

stable, improving its overall performance. The coarsening of primary carbides predominates 

the microstructure in P2ht, consistent with research indicating that sometimes reduced Cr/C 

ratios in high-chromium cast irons result in larger, more interconnected carbides after heat 

treatment depending on the heat-treatment applied (Wang et al., 2005; Kopycinski et al., 2014).  

 

The effect of the low Cr/C ratio in P3 is much stronger compared to P1. As seen in Figure 4.7c, 

P3 has large, elongated, plate-like primary carbides within the austenitic matrix. Heat treatment 

helps rearrange the microstructure by redistributing chromium and carbon, reducing 

segregation, and making the matrix more uniform, similar to what is seen in P2ht (Poolthong 

et al., 2004). This redistribution improves the connection between phases and leads to a more 

even spread of carbides throughout the matrix. The high carbon content in P3 encourages 

carbide growth, resulting in larger and more noticeable primary carbides in P3ht, as seen in 

Figure 4.11c. These carbides become more interconnected, forming network-like structures 
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where carbide particles merge or overlap, increasing interconnectedness after heat treatment 

(Guo et al., 2016). The heat treatment also facilitates recrystallisation of the primary and 

eutectic carbides, where some of the primary carbides become more blocky and hexagon-

shaped from the long, continuous plate-like morphology observed in P3. In P3ht, the eutectic 

carbides are more evenly distributed throughout the matrix, giving it a more uniform 

appearance. However, the microstructure is still dominated by large, interconnected primary 

carbides. This confirms that a low Cr/C ratio encourages primary carbide growth and 

coarsening after heat treatment (Yang et al., 2021). While the primary carbides in P3ht remain 

coarse, they are now less continuous and plate-like, instead appearing more blocky in shape. 

The network of primary and eutectic carbides in P3ht is more interconnected than in the as-cast 

sample, reducing the strong directional effect observed in P3. Although the carbides are still 

large, their elongation is now more limited, resulting in a carbide network that is more evenly 

spread rather than forming long, distinct patterns. 

 

Upon heating the high-chromium cast iron samples P1 to P3 beyond the austenitic temperature, 

the matrix experiences substantial alterations due to recrystallisation and phase transitions. At 

this elevated temperature, the matrix converts to austenite, a face-centered cubic (FCC) phase 

capable of dissolving substantial quantities of chromium and carbon, resulting in a 

supersaturated solution (Gasan & Erturk, 2013). This technique dissolves existing carbides and 

redistributes chromium and carbon uniformly throughout the matrix, minimising segregation 

of the phases. The Cr/C ratio and cooling rate are crucial factors influencing the final 

microstructure during cooling. An elevated Cr/C ratio enhances the chromium content in the 

matrix, hence stabilising the austenite phase and inhibiting its transformation into martensite 

(Ma et al., 2011). Upon cooling, secondary carbides, M C , precipitate from the supersaturated 

austenite matrix (Ma et al., 2011). These carbides diminish the carbon concentration in the 

matrix while preserving austenite as the predominant phase. The ultimate microstructure 

comprises an austenitic matrix with finely distributed secondary carbides of M7C3 type, along 

with primary and eutectic, as confirmed by the XRD results in Figure 4.10. In addition to the 

observed changes above, the high-resolution SEM images in Figure 4.12a-c confirm the 

presence of secondary carbides, such as M C  or M C , precipitated after heat treatment. These 

secondary carbides are finer and more evenly distributed in the matrix compared to the primary 

carbides found in the as-cast microstructure. The redistribution of chromium and carbon during 

heat treatment is critical in promoting the growth and refinement of these secondary carbides, 

making the microstructure more homogeneous (Guo et al., 2016). The Cr/C ratio plays a 
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significant role in this process by influencing the availability of free carbon and the stability of 

carbide phases.  

Substantial changes occur during the high-temperature quenching stage, which takes place 

above 1000ÁC, and the subsequent tempering treatment. During quenching, rapid cooling 

prevents the formation of equilibrium phases, trapping Cr and C in the supersaturated matrix 

(Li et al., 2009). In the tempering stage, diffusion processes allow the precipitation of secondary 

carbides, primarily M C , within the matrix. These carbides are finer and more evenly 

dispersed, strengthening the austenitic matrix by impeding dislocation motion and improving 

hardness. The Cr/C ratio further influences this process; a high Cr/C ratio stabilises finer 

carbides and promotes a more uniform matrix, while a lower Cr/C ratio allows for larger 

carbide growth, contributing to the final distribution and morphology of the precipitated 

carbides. 

Initially, M23C6 carbides form during the destabilisation heat treatment. With prolonged holding 

times, as observed in the heat treatment process outlined in Figure 3.2, these M C  carbides 

can transform into secondary M C  carbides (Guitar et al., 2020). This transformation involves 

a reorganisation of the carbide structure and further redistribution of Cr and C. The tempering 

stage specifically enhances this process, encouraging carbide precipitation and matrix 

strengthening. 

4.8. Conclusion 

The microstructural analysis of both as-cast and heat-treated high-chromium cast iron (HCCI) 

samples confirms the significant influence of the Cr/C ratio on carbide formation, distribution, 

and morphology. The findings show that a higher Cr/C ratio results in fewer, smaller, and more 

evenly distributed carbides, while a lower Cr/C ratio leads to more carbides that are larger and 

more interconnected. The solidification process showed that high Cr/C ratio alloys solidify 

faster due to limited carbide precipitation, allowing quicker heat removal. In low Cr/C ratio 

alloys, increased carbide formation affected heat flow, slowing down cooling in some areas 

and leading to a coarser microstructure. Element segregation played a key role, particularly in 

low Cr/C ratio alloys, where chromium and carbon gathered at grain boundaries, leading to the 

formation of large interconnected primary carbides. Heat treatment improved the distribution 

and shape of carbides by redistributing alloying elements and reducing segregation. It 

transformed elongated primary carbides into more compact, blocky structures and refined the 

overall microstructure. Secondary carbide precipitation, mainly M C , further modified the 
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austenitic matrix, particularly in high Cr/C ratio alloys. In low Cr/C ratio alloys, excessive 

carbide growth resulted in greater carbide interconnectivity, which may influence mechanical 

performance. Comparing the results with Thermo-Calc predictions, both the experimental and 

predicted trends showed an increase in carbide volume from P1 to P3, confirming the role of 

the Cr/C ratio in carbide formation. However, Thermo-Calc underestimated carbide content in 

low Cr/C ratio alloys, likely due to non-equilibrium solidification effects that it does not fully 

account for. The predicted ferritic matrix also differed from the observed austenitic matrix, as 

rapid cooling prevented complete carbide precipitation and chromium depletion. Overall, the 

study confirms that the Cr/C ratio has a strong effect on the carbide network and microstructural 

features of HCCI. Optimising the Cr/C ratio and applying controlled heat treatment can help 

refine carbide morphology, distribution, and stability, making it possible to tailor the 

microstructure for specific industrial applications. 
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Chapter 5: The Influence of Cr/C ratio on the 

Hardness and Fracture Toughness of High Chrome 

Cast Iron 

5.1 Introduction 

The mechanical properties of high chromium cast iron (HCCI), particularly hardness and 

toughness, are strongly influenced by its microstructure, which consists of a hard carbide phase 

embedded within a softer matrix. The Cr/C ratio plays a crucial role in determining the type, 

volume, and distribution of carbides within this microstructure (Guo et al., 2021). A higher 

Cr/C ratio typically results in a lower carbide volume and promotes a more uniform carbide 

distribution, which enhances toughness but reduces hardness. Conversely, a lower Cr/C ratio 

increases the carbide volume, leading to greater hardness but at the expense of reduced 

toughness (Kootsookos & Gates, 2004; Guo et al., 2021). Heat treatment is commonly 

employed to modify the hardness and toughness of HCCI. Processes such as quenching and 

tempering can refine carbide size and morphology while transforming the matrix into 

martensite, significantly increasing hardness. However, excessive carbide precipitation during 

heat treatment, particularly in alloys with a low Cr/C ratio, can lead to brittleness (Karantzalis 

et al., 2009; Zhang et al., 2024). To optimise HCCI for various industrial applications, this 

section investigates the relationship between Cr/C ratio, carbide volume, and their effects on 

hardness and toughness in both as-cast and heat-treated samples. This is achieved by analysing 

the hardness and toughness of the samples and discussing their results in relation to the 

microstructural characteristics influenced by the Cr/C ratio. 

5.2 Hardness Characteristics of As-Cast HCCI Samples 

Figure 5.1 shows the as-cast samples hardness frequency distribution plot. The hardness of the 

as-cast samples ranges from 300 to 750 HV. P1 has the lowest average hardness, followed by 

P2 and P3. P1 exhibits a relatively narrow data distribution, with the highest frequency 

occurring between 450 and 500 HV. Unlike P2 and P3, where most data clusters between 500 

and 600 HV, the distribution of P1 skews slightly towards the lower hardness range, indicating 

its comparatively low characteristic hardness. P2 shows a broader data distribution compared 

to P1, with a peak frequency between 500 and 550 HV. The hardness values for P2 range from 

approximately 350 to 600 HV. Lower frequencies are observed in the higher hardness range 

(600+ HV), reflecting a wider variation in hardness and an overall trend towards higher values 
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than P1. P3 demonstrates a sharp and distinct hardness distribution, with a primary peak 

frequency between 550 and 600 HV and a secondary peak at 650 to 700 HV, indicating hardness 

segregation or two dominant hardness phases. The hardness of P3 extends significantly into 

the 600+ HV range, showing higher values compared to P1 and P2.  

 
Figure 5.1: Frequency distribution plots of as-cast samples P1 to P3 

 

Figure 5.2 shows the Brinell hardness results for sample P1 to P3. Brinell hardness tests in 

Figure 5.2 confirm that P1 has the lowest average bulk hardness value of 223 HBN, with an 

observed increase in Brinell hardness from P2 to 232 HBN, with P3 having the highest average 

hardness increasing to 240 HBN. 
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Figure 5.2: Brinell hardness results for as-cast samples P1 to P3 

 

5.3 Hardness Characteristics of Heat-Treated Samples 

Figure 5.3 shows the hardness frequency distribution of the post-heat-treated samples. For 

P1ht, the hardness increased after heat treatment, with its peak hardness shifting from 450ï500 

HV in the as-cast state to 500ï550 HV. The distribution also broadened, with increased 

frequencies in the 500+ HV range, indicating enhanced hardness after heat treatment. In the 

case of P2ht, the peak hardness remained between 500 and 550 HV, similar to the as-cast state. 

However, the hardness distribution became broader, with values extending into the 600+ HV 

range, reflecting an increase in variability. While P2ht exhibited higher hardness values 

compared to P1ht, it also showed increased variability in hardness distribution, as frequencies 

in both the lower and higher ranges were observed. For P3ht, the primary hardness peak shifted 

notably after heat treatment, moving from 550ï600 HV in the as-cast state to 600ï650 HV. 

Frequencies extended into the 750 HV range, giving P3ht the highest hardness values among 

the heat-treated samples.  
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Figure 5.3: Frequency distribution plots of samples P1ht to P3ht. 

Figure 5.4 shows the Brinell bulk hardness results of as-cast and heat-treated samples P1 to P3. 

The Brinell hardness confirmed the increase in the bulk hardness of the samples from P1ht to 

P3ht. Brinell hardness values for P1ht increased from 223 HBN to 341 HBN, while P2ht 

increased significantly from 232 HBN to 363 HBN after heat treatment, and P3ht increased 

from 245 HBN to 369 HBN, highlighting a significant improvement in hardness after heat 

treatment. 

 

 

Figure 5.4: Brinell bulk hardness results of as-cast and heat-treated samples P1 to P3. 
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5.4 Fracture Toughness Characteristics of HCCI Samples  

5.4.1 Charpy Impact Toughness of As-cast HCCI Samples 

Table 5.1 shows the Charpy impact results for samples P1, P2 and P3 as-cast and after heat 

treatment. Figure 5.5a-c show the images captured using a stereomicroscope of P1ht samples 

after they underwent Charpy impact testing. P1, as shown in Figure 5.5a-c, exhibits a brittle 

mode of failure, with a relatively smooth fracture surface. The top view (Figure 5.5c) reveals 

dimples and an even fracture pattern, while the side view (Figure 5.5a) shows evidence of some 

deformation before failure. Its high Cr/C ratio, which resulted in a lower carbide volume and 

softer matrix, could enhance the ability of the material to absorb energy before fracturing. 

(Pourasiabi & Gates, 2022; Liu et al., 2025). Despite its brittle failure mode, P1 recorded the 

highest Charpy impact energy, with an average value of 10 J, as indicated in Table 5.1. This 

sample also had the lowest average hardness. P2 displays a brittle fracture mode with a more 

uneven surface compared to P1, as shown in Figure 5.6. The top view (Figure 5.6c) reveals 

more cleavage breakage with a rougher surface than P1 but smoother than P3. The side view 

(Figure 5.6a) indicates a somewhat uneven fracture surface, suggesting a ductile-to-brittle 

transition mode. This may result from the carbide morphology, which includes larger 

hexagonal primary M7C3 carbides with smaller eutectic M7C3 carbides in between. The side 

and top views (Figure 5.6a-c) both indicate a somewhat uneven fracture surface. The Charpy 

impact energy of P2 is the same as P1, with an average value of 10 J as recorded in Table 5.1. 

Figure 5.7a-c show the stereoscopic images showing the characteristic fracture failure pattern 

of P3. P3 predominantly exhibits a brittle mode of failure with minimal plastic deformation. 

The overall failure is characterised by cleavage breakage, with some localised plastic 

deformation observed in the top view (Figure 5.7c). The fracture surface shows a combination 

of smoother breakage areas and dimples, indicating localised ductile behaviour in certain 

regions. The side view (Figure 5.7a) confirms that the sample primarily fractures through 

cleavage, while smaller eutectic carbides contribute to deep dimples and limited plastic 

deformation in some areas. P3 absorbed the least amount of energy, with the lowest Charpy 

impact energy of 9 J. It also had the highest hardness. Overall, all samples exhibited brittle 

failure.  
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Table 5.1: Charpy impact test average values for sample P1, P2 and P3 before and after heat 

treatment. 

 Charpy Impact Energy(J) 

 As-cast Heat-Treated 

Sample Test 1 Test 2 Ave Test 1 Test 2 Ave 

P1 10 10 10Ñ0 9 9 9Ñ0 

P2 10 9 10Ñ0.5 7.5 8.5 8Ñ0.5 

P3 9 9 9Ñ0 7 7 7Ñ0 

 

 

Figure 5.5: Charpy impact test average values for sample P1, P2 and P3 before and after heat 

treatment. 
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Figure 5.6: Stereomicroscopic images of P2 as-cast samples after Charpy impact testing a) 

side view, b) angled view, c) top view. 
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Figure 5.7: Stereomicroscopic images of P3 as-cast samples after Charpy impact testing a) 

side view, b) angled view, c) top view. 

5.4.2 Charpy Impact Toughness for Heat-Treated Samples 

Figure 5.8a-c shows the stereomicroscopic images of P1ht after Charpy impact testing. The 

side view (Figure 5.8a) reveals a relatively smooth fracture surface with no evidence of plastic 

deformation, indicating extremely brittle failure. The brittle failure is characterised by a 

cleavage mode of fracture with some fibrous zones. P1ht absorbed 9 J less energy than P1 in 

the as-cast state (10 J), but more energy than P2ht and P3ht, as indicated in Table 5.1. Figure 

5.9a-c displays the stereomicroscopic images of P2ht. The side view (Figure 5.9a) shows no 

plastic deformation and reveals a fracture path that did not follow the same plane, indicating a 

tearing mechanism rather than simple splitting. The angled view (Figure 5.9b) highlights the 

heterogeneous fracture surface, while the top view (Figure 5.9c) reveals grooved patterns along 

the grain boundaries, suggesting crack initiation and propagation influenced by the presence of 

primary carbides. P2ht absorbed only 8 J of energy, showing a significant reduction in 

toughness compared to P1ht. The stereomicroscopic images of P3ht, shown in Figure 5.10a-c, 

reveal a smooth and planar fracture surface indicative of a highly hard and brittle material. The 
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side view (Figure 5.10a) highlights well-defined fracture edges with no sign of plastic 

deformation, confirming complete energy absorption failure. The angled view (Figure 5.10b) 

shows river lines aligned with the direction of carbide formation, and the top view (Figure 

5.10c) shows cleavage planes with a uniform appearance. P3ht exhibited the lowest toughness, 

absorbing only 7 J of energy, as indicated in Table 5.1. 

 

Figure 5.8: Stereomicroscopic images of P1ht samples after Charpy impact testing a) side 

view, b) angled view, c) top view. 
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Figure 5.9: Stereomicroscopic images of P2ht samples after Charpy impact testing a) side 

view, b) angled view, c) top view. 
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Figure 5.10: Stereomicroscopic images of P3ht samples after Charpy impact testing a) side 

view, b) angled view, c) top view. 

 

5.5 Discussion 

5.5.1 Hardness Characteristics of As-Cast and Heat-Treated HCCIs 

The differences in hardness values from P1 to P3 as seen in Figure 5.1 can be attributed to 

variations in alloy compositions as seen in Table 4.1. Wang et al. (2019) mention that carbon 

content is a key factor in determining hardness. Higher carbon content generally increases 

hardness but also introduces brittleness due to the formation of carbides and other hard phases 

(Zhang et al., 2011). Since the difference in the Cr content in P1, P2, and P3 is so small, which 

is practically negligible, the impact of this difference is minor compared to the influence of 

carbon.  

The Cr/C ratio plays a critical role in determining the type, size, morphology, and distribution 

of carbides in the microstructure, directly influencing the hardness of the material. A higher 

Cr/C ratio, as observed in P1 (Table 4.1), indicates relatively lower carbon content in the alloy. 

This reduces the volume fraction of carbides in the microstructure, as observed in Figure 4.7a, 
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as less carbon is available to form hard carbide phases such as M7C3. Consequently, the 

microstructure becomes more uniform, with fewer and less developed carbides. This 

uniformity reduces the number of hard phases that contribute to hardness, as carbides act as 

primary strengthening components by resisting deformation and impeding dislocation 

movement (Bedolla-Jacuinde et al., 2005). Liu et al. (2025) demonstrated that alloys with high 

Cr/C ratios tend to exhibit lower hardness due to fewer primary carbides forming, which results 

in a softer matrix. This trend is evident in P1 with the lower peak hardness frequency between 

400 and 500 HV, which correlates with the lower carbide volume fraction. The absence of 

extensive carbide networks further explains the reduced hardness. 

In P2, the increased carbon content and slightly lower Cr/C ratio contribute significantly to the 

formation and characteristics of the carbide network, directly affecting its hardness. The higher 

carbon content allows for the formation of a greater volume of M7C3 carbides, which are harder 

phases that act as primary barriers to dislocation movement, which increases hardness 

(Kootsookos & Gates, 2004; Guo et al., 2021). The primary and eutectic carbides are more in 

quantity. There are more coarse primary carbides distributed in finer eutectic carbides, forming 

an extensive eutectic carbide network as observed in Figure 4.7b. Such networks enhance 

hardness by providing a robust load-bearing microstructure that resists deformation under 

applied stresses (Hirose et al., 2011; Chung et al., 2013; Guo et al., 2021). The increased carbide 

volume, coupled with their coarser morphology, amplifies the hardness by increasing the ability 

of the alloy to resist deformation. The combination of extensive eutectic carbide networks and 

a higher carbide volume results in an intermediate peak hardness range of 500ï550 HV in P2.  

P3 exhibits the highest hardness, which can be attributed to its low Cr/C ratio and high carbon 

content, resulting in the highest carbide volume fraction. This composition promotes the 

formation of a heavily carbide-dominated microstructure, as observed in Figure 4.7c. The 

microstructure is characterised by large, plate-like primary M7C3 carbides and interconnected 

eutectic carbides. These carbides act as hard phases that significantly impede dislocation 

movement, enhancing the overall hardness of the material. The plate-like morphology of the 

primary M7C3 carbides provides increased resistance to deformation due to their large size and 

continuous nature, which effectively reinforces the austenite matrix (Inthidech & Matsubara, 

2008; Wiengmoon et al., 2011). The eutectic carbides, which form networks around the primary 

carbides, further contribute to the hardness by filling intergranular regions and increasing the 

load-bearing capacity of the material (Lu et al., 2016; Wei et al., 2025). However, this 

microstructure also results in uneven carbide distribution, with localised areas dominated by 
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large primary carbides and regions where finer eutectic carbides are present. This heterogeneity 

is reflected in the hardness distribution, where a secondary peak in the 650 to 700 HV range 

indicates hardness segregation.  

As a result of recrystallisation of the grains after heat treatment, the elongated primary carbides 

in P1 (4.7a) decompose into smaller, more uniformly distributed particles during heat 

treatment, creating the finer and more homogeneous matrix as seen in P1ht (Figure 4.11a). The 

refined microstructure improves the load-bearing capacity of the matrix, as the more uniform 

distribution of smaller eutectic carbides reduces stress concentration points and strengthens the 

material (Yang et al., 2009; Chung et al., 2013). This transformation from a coarse, widely 

dispersed primary carbide structure to a finer, more densely packed one directly contributes to 

the observed increase in hardness in P1ht. The Cr/C ratio ensured effective stabilisation of 

carbides, refining the microstructure and reducing defects (Yang et al., 2009; Chung et al., 

2013).  

The peak hardness in P2ht remained relatively unchanged because the coarsening of primary 

M C  carbides, which was caused by the decrease in Cr/C ratio, did not cause any significant 

alterations to the resulting hardness of the microstructure. This is attributed to the retained 

homogeneity of the primary and eutectic carbides within the matrix even after heat treatment. 

The growth of larger, interconnected carbides formed continuous or semi-continuous networks, 

contributing to the variation in carbide size in the microstructure. The increased variability in 

hardness, extending beyond 600 HV, is attributed to this heterogeneous distribution of 

coarsened primary carbides in between finer eutectic carbides and the additional formation of 

secondary carbides during heat treatment. Finely distributed secondary M7C3 carbides 

precipitated within the matrix, reinforced areas with lower primary carbide concentrations and 

more eutectic carbide concentrations (Chaus & Rudnickii, 2010; Pan et al., 2022). This dual 

effect created harder zones where both coarser primary carbides and secondary carbides were 

concentrated, while softer regions emerged in areas with smaller eutectic carbides. The 

interplay between the coarsened primary carbides in between finer eutectic carbides, finely 

distributed secondary carbides, and the retained homogeneity in the microstructure explains 

the broader hardness distribution in P2ht. P2ht exhibited a balance of localised hardening and 

softer zones, causing the observed variability. 

P3ht exhibited the most significant increase in hardness after heat treatment due to its low Cr/C 

ratio and high carbon content, which promoted the formation of a carbide-dominated 
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microstructure. The low Cr/C ratio allowed the development of coarse, continuous carbide 

networks, particularly along grain boundaries, as observed in Figure 4.11c. These large, plate-

like primary M7C3 carbides significantly enhanced hardness by providing strong barriers to 

deformation and creating a load-bearing framework within the material (Nam & Lee, 2008). 

Additionally, heat treatment facilitated the precipitation of secondary M7C3 carbides, which 

further strengthened the matrix in regions with fewer primary carbides. This combination of 

coarse primary carbides and finely distributed secondary carbides maximised hardness by 

impeding dislocation motion throughout the microstructure (Chaus & Rudnickii, 2010; Pan et 

al., 2022). 

5.5.2 Fracture Toughness of As-Cast and Heat-Treated HCCIs 

The fracture behaviour of HCCIs in both as-cast and heat-treated conditions highlights the 

relationship between hardness and fracture toughness. Each sample exhibits distinct fracture 

characteristics, influenced by carbide morphology, hardness, and the matrix composition. 

However, across all samples the primary mode of failure experienced was brittle failure. 

In P1, the predominantly brittle failure with visible dimples and slight deformation indicating 

some ductile behaviour is linked to the high Cr/C ratio of P1, which results in a lower carbide 

volume and a softer matrix, allowing it to absorb more energy before fracturing (Pourasiabi & 

Gates, 2022; Liu et al., 2025). Even though P1 has the lowest hardness, it shows the highest 

Charpy toughness, as seen in Table 5.1. The reduced carbide content compared to P2 and P3 

significantly decreases brittleness, making it more resistant to crack initiation and propagation 

(Antonov et al., 2017; Gadhikar et al., 2014). Because it lacks extensive carbide networks, the 

matrix plays a larger role in energy absorption, allowing for greater impact toughness. While 

carbides contribute to hardness by resisting deformation (Jain et al., 2021; Chen et al., 2022), 

the lower carbide fraction in P1 results in a softer, more uniform matrix that enhances ductility 

and impact resistance. 

On the other hand, P2 exhibits a more brittle fracture mode, and the fracture surface shows 

more cleavage breakage than P1 but is smoother than P3. This pattern can be linked to its 

carbide morphology characterised by larger hexagonal primary M7C3 carbides in between 

smaller eutectic M7C3 carbides. The somewhat uneven fracture surface observed in the side 

and top views indicates a ductile-to-brittle transition failure, associated with its intermediate 

hardness. The microstructure (Figure 4.7b) contains more developed primary carbides than P1, 
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though they are finer than those in P3 (Figure 4.7c). Finer carbides contribute to a more uniform 

distribution and increased hardness by obstructing dislocation movement (Guan et al., 2018). 

Additionally, a uniform primary and eutectic carbide distribution helps reduce stress 

concentration zones, improving fracture toughness and making the material more resistant to 

crack propagation (Chung et al., 2013). This explains why P2 has the same Charpy toughness 

as P1, as seen in Table 5.1. Typically, hardness and toughness are inversely related but 

controlling primary and eutectic carbide growth through the Cr/C ratio can optimise both 

properties simultaneously. Studies by Shaw et al., (2012); Sun et al., (2021) and Zhang et al., 

(2023) have shown that refining WC grains into thin platelets can achieve this balance. The 

microstructure of P2 shows similar characteristics of this approach, providing higher hardness 

while maintaining moderate toughness. As a result, the Charpy toughness of P2 is equal to P1 

but higher than P3. 

The long plate-like primary M7C3 carbides characteristic of P3 serve as stress concentration 

points, making crack initiation and propagation easier (Guan et al., 2018; Heydari et al., 2024). 

The smaller eutectic carbides contribute to deep dimples in some areas. As a result, P3 deforms 

with minimal plastic deformation. P3 has the highest hardness due to its coarse carbide 

morphology. Additionally, eutectic M7C3 carbides further enhance hardness by resisting 

deformation. However, these coarse primary and eutectic carbide networks make the material 

more prone to brittle failure, as cracks propagate easily through large primary carbides (Guan 

et al., 2018). This trade-off between hardness and toughness is evident in the low Charpy 

impact toughness of P3.  

Fracture toughness in all samples shows some variation following heat treatment. As 

demonstrated in Figure 5.8a-c, P1ht cracks in an extremely brittle manner without any signs of 

plastic deformation. The angled and top views show cleavage fracture with some fibrous zones, 

with the top view revealing a more uniform fracture surface than the as-cast state. This 

increased brittleness results from the hardness increase experienced in the sample following 

heat treatment. The grain refinement brought about by heat treatment and the secondary M7C3 

carbides to precipitate improved hardness by filling areas formerly lacking more primary 

carbides. However, as carbide content increases, the hardness increases, leading to a brittle 

matrix. The hard carbides in increased volume limit the capacity of the matrix to absorb stress 

and deform plastic by restricting dislocation migration (Abdel-Aziz et al., 2017; Zhang et al., 

2024). The precipitated secondary carbides occupy the once ductile areas, which increase the 
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susceptibility of the material to brittle fracture. Fewer soft zones to offset or deflect cracks 

mean that fractures spread more readily, thereby lowering the overall toughness even with 

higher hardness. However, P1ht still shows the best toughness among the heat-treated samples 

because of its rather smaller carbide content and finer carbide distribution. 

P2ht shows an even more significant decrease in fracture toughness. The fracture surface, 

marked by cleavage planes and grooved patterns, suggests that crack initiation and propagation 

are influenced by both primary and secondary carbides. Its lower Cr/C ratio promotes the 

formation of more secondary carbides, which increases hardness but at the same time makes 

the material more brittle (Li et al., 2014; Guo et al., 2021). The observed tearing mechanism, 

rather than simple splitting, indicates that the fracture surface is more heterogeneous and that 

cracks do not always follow a straight cleavage path but are deflected due to microstructural 

features (Shterenlikht & Howard, 2004; Li et al., 2014). This behaviour is linked to the presence 

of large grains surrounded by smaller recrystallised grains, which can blunt and slow down 

micro-cracks to a limited extent. However, despite this localised crack-blunting effect, the 

overall reduction in toughness remains pronounced because the increased carbide content and 

less ductile matrix provide limited energy absorption before fracture (Ai et al., 2011; 

ChotŊborskĨ, 2013). 

P3ht demonstrates the most brittle behaviour among the heat-treated samples. Its fracture 

surface is smooth and planar, with no evidence of plastic deformation, which confirms its very 

high hardness but also its brittleness. This behaviour is due to its low Cr/C ratio, which results 

in the highest volume of carbides and a microstructure heavily dominated by both primary and 

eutectic carbides. The large, plate-like primary carbides together with secondary carbides act 

as stress concentration points, making it easier for cracks to start and spread through the 

material (Guan et al., 2018). The presence of river lines on the fracture surface indicates that 

cracks tend to follow the alignment of the carbide structures, highlighting how these carbides 

control crack paths and promote brittle fracture. The well -defined, clean fracture edges further 

show that the material has very little capacity to absorb energy before breaking, which is typical 

of a very hard but brittle microstructure (Abdel-Aziz et al., 2017; Zhang et al., 2024). As a 

result of this carbide-rich and highly brittle structure, P3ht shows the lowest Charpy impact 

toughness among all the heat-treated samples. 

Overall, the fracture behaviour of HCCIs in both as-cast and heat-treated conditions reflects 

the trade-off between hardness and toughness. While higher carbide content increases hardness, 
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it also promotes brittleness, reducing impact resistance. The heat-treated samples showed a 

considerable decrease in fracture toughness compared to the as-cast in order of decreasing Cr/C 

ratio, with P1ht retaining some energy absorption ability while P3ht completely lost energy 

absorption ability. Heat treatment further refines the microstructure and increases hardness, but 

at the expense of toughness, making the materials more prone to brittle failure. 

 

5.6 Conclusion 

The findings from as-cast to heat-treated samples illustrate the influence of the microstructure 

on hardness and resulting toughness. P1, with the lowest carbide volume and finer 

underdeveloped carbides, had the lowest hardness but slightly superior toughness. Conversely, 

as-cast P3, characterised by the highest carbide volume and coarsest carbides, exhibited the 

highest hardness but the least toughness. P2, possessing intermediate value for carbide volume 

and intermediate fineness of microstructure, exhibited hardness and toughness qualities that 

were intermediate between P1 and P3. Heat treatment considerably enhanced the hardness of 

all samples by refining the carbide structure and forming M7C3 secondary precipitates. 

However, this increase in hardness led to diminished toughness, particularly in samples with a 

higher volume of carbides, such as P2ht and P3ht. The pronounced carbide precipitation in 

these samples increased hardness but resulted in brittleness and diminished energy absorption. 

P2ht, with more developed carbides than P1 but finer than those in P3, achieved a better balance 

between hardness and toughness. The results show the critical influence of the carbide volume 

and microstructure on the mechanical characteristics of high chromium cast iron influenced by 

the Cr/C ratio. A decreased Cr/C ratio and increased carbide volume increases hardness but 

diminishes toughness, especially after heat treatment. 
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Chapter 6: The Influence of Microstructural 

Constituents on Wear Performance of High Chrome 

Cast Irons 

 

6.1 Introduction 

Wear occurs when a material gradually loses surface material due to friction and repeated 

contact with another surface. In industries such as mining and manufacturing, where 

components experience high friction and mechanical stress, selecting materials with high wear 

resistance is essential (Ortega-Cubillos et al., 2015). HCCI is widely used for this purpose 

because it contains hard carbides that reduce material loss by increasing resistance to wear 

(Filipovic, Korac & Gavrilovski, 2013). However, the wear performance of HCCI depends on 

several factors, including hardness, the size and volume of carbides, and their distribution 

within the material. These factors are directly influenced by the Cr/C ratio of the alloy. The 

results from the previous chapter highlight the significant role of carbide volume and 

microstructure in determining the mechanical properties of HCCI. A lower Cr/C ratio leads to 

an increased volume of carbides, which enhances hardness but may compromise toughness. 

Heat treatment further increases hardness, although this often comes at the expense of 

toughness. This chapter investigates the wear behaviour of high chromium cast iron and 

examines how these factors influence wear resistance. Both as-cast and heat-treated samples 

are tested to evaluate the effect of heat treatment on wear performance. The study analyses the 

coefficient of friction (COF) and wear rates to establish the relationship between friction and 

material loss, considering the microstructural characteristics of the alloy. By comparing wear 

tracks and examining worn surfaces, this chapter identifies which microstructural features offer 

the best protection against wear. The effect of carbide size, shape, and volume on wear 

resistance is discussed, along with the alloy composition that provides the optimal balance 

between hardness and durability. 
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6.2 Wear Resistance of As-Cast HCCIs 

6.2.1 Coefficient of Friction Behaviour of As-HCCI Samples 

Figure 6.1 shows the plot of coefficient of friction (COF) against time during the dry sliding 

wear experiments between the alumina ball and as-cast samples P1 to P3 surfaces. The COF 

plots show that all three samples, P1, P2, and P3 follow a similar trend, where the COF 

increases sharply at the beginning of the test during the running-in phase before stabilising after 

approximately 100ï200 m running for 1000m in total. Among the samples, P3 has the highest 

COF, fluctuating between ~0.8 and 0.85 and drastically decreasing towards the end of the run 

to well below the COF of P1 and P2. P1 and P2 show the same COF behaviour with a COF 

between ~0.7 and 0.75, with P2 showing less aggressive fluctuation compared to P1. After the 

running-in phase, the COF remains relatively stable, with minor fluctuations observed in all 

samples and a drastic decrease observed in P3 from well above P1 and P2 to below P1 and P2 

from ~800m. 

 

Figure 6.1: Coefficient of friction behaviour of as-cast samples P1 to P3 during dry sliding 

wear. 
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6.2.2 Wear Parameters and Wear Rates of the As-cast HCCI Samples 

Table 6.1 shows wear parameters such as penetration depth, worn surface area, worn volume, 

and wear rate across the samples. The samples wear rate was calculated under Archardôs theory 

of wear. The penetration depth versus width profiles is shown in Figure 6.2. The wear profiles 

reveal noticeable differences in penetration depth, worn surface area, and worn volume among 

the as-cast samples. P1 has the deepest penetration depth (0.037 ɛm), suggesting the most 

material loss at depth. P1 has a moderately worn surface area (44.3 mmĮ) but the highest worn 

volume (0.0016 mmį), indicating severe wear overall. P2 has a shallower penetration depth 

(0.019 ɛm), making it more resistant to deep wear than P1. However, it has the largest worn 

surface area (49.1 mmĮ), indicating that wear is more evenly distributed rather than 

concentrated. Despite this, the worn volume for P2 remains relatively low at 0.0009 mmį, 

indicating that it wears more uniformly. P3, with a penetration depth of 0.020 ɛm, has a slightly 

deeper wear scar than P2 but substantially less than P1. It has the smallest worn surface area 

(44.2 mmĮ), indicating more localised wear. In addition, to having a thinner wear scar, P3 

efficiently resists material loss, as seen by its worn volume matching P2 at 0.0009 mmį.The 

results show that the wear experienced in P2 and P3 is the same wear rate, and the differences 

are in the wear behaviour.  

Table 6.1: Dry sliding wear parameters for as-cast and heat-treated samples. 

Sample Penetration 

depth(Õm) 

Worn Surface 

Area(mm2) 

Worn Volume(mm3) Wear Rate (10-

8 mm3/Nm) 

P1  0.037 Ñ 0.00285 44.3 Ñ 0.475 0.0017 Ñ0.00006 16.2 Ñ 10.9 

P2 0.019 Ñ 0.00046 49.1 Ñ 0.15 0.0009 Ñ 0.000019 9.39 Ñ 1.97 

P3 0.020 Ñ 0.00019 44.2 Ñ 0.235 0.0009 Ñ 0.000013 8.93 Ñ1.33 

P1ht 0.033 Ñ 0.00600 47.8 Ñ 0.095 0.0016 Ñ 0.000025 15.9 Ñ 2.55 

P2ht 0.021 Ñ 0.00272 46.4 Ñ 0.185 0.0015 Ñ 0.000014 9.74 Ñ 14.9 

P3ht 0.021 Ñ 0.00169 47.8 Ñ 0.275 0.0010 Ñ 0.000074 9.37 Ñ 7.46 
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Figure 6.2: The penetration depth versus width of the wear scars obtained during dry sliding 

wear for the as-cast samples and heat-treated samples P1 to P3. 

 

Figure 6.3 shows the wear rate trend for as-cast samples P1 to P3. The graph indicates that P1 

has the highest wear rate at 16.2 Ĭ 10  mmį/Nm, followed by P2 at 9.39 Ĭ 10  mmį/Nm, and 

P3 has a marginally lower wear rate of 8.93 Ĭ 10  mmį/Nm compared to P2. Thus, the wear 

rate decreased progressively from P1 to P2 and P3, showing that P1 wears the most, while P2 

and P3 are the more wear-resistant among the as-cast samples. The difference in the wear rate 

observed in P2 and P3 is marginally different; thus, they both wear the same.  
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Figure 6.3: Wear rate trend for as-cast samples P1 to P3. 

 

6.2.3 Wear Mechanism During Dry Sliding Wear of As-Cast High Chrome 

Cast Iron Samples 

Figure 6.4 depicts the wear tracks of as-cast samples P1, P2, and P3 at low magnification (100x) 

in BSE and SE imaging. In P1 (images a and b), the wear track seems rough with large patches 

of material removal and deep grooves. The surface also shows significant ploughing marks and 

a rough surface, indicating abrasive wear. There is an accumulation of wear debris on the 

surface. The wear track in P1 consists of a combination of aggressive abrasive wear and 

adhesive wear. In P2 (images c and d), the wear track appears smoother than in P1, with less 

deep grooves. The dominant wear mechanism appears to be mild abrasive wear. There is still 

some wear debris accumulation on the surface, but in lesser quantities and it has less material 

tearing than P1. The grooves on the surface are not as deep, and the wear marks appear more 

controlled. P3 has mild abrasive and adhesive wear. In images e and f, the wear track appears 

the almost identical to that of P3; however with slightly more uniform wear. The surface 

grooves appear slightly finer and continuous, with minimal wear debris accumulation. Overall, 

there is only minor differences in the wear rack of P2 and P3, indicating they may wear at the 

same rate.  
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Figure 6.4: SEM images at 100x magnification of wear tracks for P1(a), P2(b) and P3(b) in 

BSE imaging and P1(b), P2(b) and P3(c) in SE imaging. 

 

Figure 6.5a-f shows the scars for the corresponding samples at higher magnification (500Ĭ) in 

BSE and SE imaging. SEM images at 500Ĭ magnification show several types of abrasion and 

adhesion wear based on how carbides and the matrix react to sliding wear. Images a and b of 

sample P1 in Figure 6.5 reveal substantial material loss, deep grooves, and an uneven surface 

texture. Large parts of the matrix have been worn away, and debris is visible on the wear track. 

The absence of a developed and connected primary and eutectic carbide network causes 
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significant wear, with the matrix exhibiting obvious evidence of substantial deformation. P2 in 

images c and d in Figure 6.5 demonstrates a combination of two- and three-body abrasion, 

where the two-body abrasion is occurring from the debris attaching to the alumina ball and 

causing friction with the alloy surface and the three-body abrasion is occurring from the friction 

between the ball, the fractured carbide particles and the alloy surface. The track has moderately 

worn grooves with a mix of deep and shallow scratches. Primary M7C3 carbides remain 

embedded in the matrix, although some are visibly fractured. The surface texture indicates that 

the matrix and primary carbides are wearing at varying rates. For P3, images e and f in Figure 

6.5 show finer wear tracks with shallow grooves and a more uniform wear pattern, indicating 

micro-level abrasion. The primary and eutectic carbides appear to be well integrated into the 

matrix, with evidence of primary carbide fracture.  

 

 

 

 

 

 

 

 

 

 

 

 



ΝΟΦ 
 

  

 
Figure 6.5: SEM images of wear tracks for P1(a), P2(c) and P3(e) at 500x magnification in 

BSE imaging and P1(b), P2(d) and P3(e) at 500x magnification in SE imaging. 

 

6.2.4 Surface Topography of the Wear Surfaces for As-Cast and Heat-

Treated HCCI Samples 

The surface topography of the wear tracks for samples P1, P2, and P3 is shown in Figure 6.6 

following dry sliding wear. For P1 Figure 6.6a, the wear surface of P1 is uneven and rough. 

Extensive material loss is observed as the high peaks and valleys seen on the surface. The 

surface displays deep scratches or grooves common of abrasive wear. The wear track surface 

is characterised by high material deformation, marked protrusions, and sharp edges, which 
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imply extreme wear. This extremely rough texture corresponds to plastic deformation and 

abrasive wear, where abrasive particles or asperities scrape away material. This is consistent 

with the aggressive fluctuations observed in the COF of P1 in Figure 6.1. For P2 (Figure 6.6b), 

the wear surface has a much smoother topography than P1. The fewer sharp peaks and valleys 

on the surface show mild abrasive wear. The surface has fewer prominent peaks and valleys, 

indicating mild abrasive wear. Though wear is still visible, it is more controlled than in P1 and 

therefore causes less material damage. This is most likely the result of a more homogeneously 

dispersed carbide structure, which helps to distribute the load and lessen the degree of wear 

experienced. This is also consistent with the COF of P2, which had less aggressive fluctuations 

than that of P1 in Figure 6.1.  

 

 

Figure 6.6: Surface topography of the wear surfaces for P1(a), P2(b) and P3(c) after dry 

sliding wear. 

P3 (Figure 6.6c) has the most homogeneous topography among all the samples. Shallow, 

continuous grooves signify mild abrasive wear. The surface exhibits a well-distributed wear 

pattern that reflects a more steady wear process with more uniform material loss throughout. 
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This is consistent with the significant drop in COF towards the end observed in Figure 6.1.  The 

homogeneous texture suggests that P3 has superior long-term wear resistance and less material 

deformation. These topography pictures taken generally imply that P3 has the most steady and 

more uniform wear behaviour in the long run, P1 shows the most severe wear while P2 shows 

an intermediate degree of wear. The variations in surface roughness draw attention to how the 

microstructure of every sample affects the wear rate.  

6.2.5 Wear Balls After Dry Sliding Wear of As-Cast HCCI Samples 

The wear surface of the alumina balls after dry sliding wear for the as-cast samples is shown 

in Appendix B-1a and b. The wear scars on the alumina balls were examined using a 

stereoscope, as shown in Figure 4.8. All the scars appeared almost perfectly round. According 

to Shaha et al. (2011), Hu et al. (2012), and Deleanu et al. (2022), severe wear would result in 

more irregular or elliptical scars, which was not the case in this study. The circular shape of the 

scars indicates that only mild wear occurred. Black or metallic marks and some significant 

amount of wear debris were clearly visible on the surface of the balls, showing that there was 

material transfer from the alloy samples to the alumina balls. This transfer was more noticeable 

than any actual damage to the balls themselves. The surface of the balls showed little to no 

significant damage. This is typical of adhesive wear, which was one of the wear mechanisms 

in this tribosystem. The wear on the alumina balls was considered negligible because the wear 

scars were very small. According to the ASTM G133-05 (Standard, 2010) standard, if the ball 

tip remains mostly round with only light abrasion, minor scratches, or a thin layer of transferred 

material after testing, it means that the flat alloy sample experienced most of the wear, and the 

ball did not suffer measurable damage (Standard, 2010). Authors Saikko, (2014); Ogunlana & 

Akinlabi, (2016) and DôAmato et al. (2017) also made the same observations. Therefore, no 

wear value was reported for the wear ball. 

 

6.2.6 EDS Analysis of Wear Tracks for As-Cast HCCI Samples 

The EDS spectrum in Figure 6.7b shows the composition of the wear debris area analysis done 

as shown in Figure 6.7a for sample P1. The spectrum shows dominant peaks of Fe followed by 

Cr and some C content. From these EDS results, the assumption that the majority of the debris 

was from the matrix with some from carbides could be plausible. The carbides in P1 were 

underdeveloped; therefore, the chances of them pulling out during wear are high, resulting in 

them being part of the debris seen in the spectrum. It is difficult to ascertain this information 

from the EDS alone, as there are a variety of factors that could bias the results. These include 
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the depth of the beam penetration if the debris was not thicker than 2 ɛm, consequently 

analysing the matrix or the carbide below which the debris was smeared. Additionally, the 

carbon content reported by the EDS spectra may not always be accurate, causing some bias to 

the results outputted. 

 

Figure 6.7: EDS a) image of area analysis done of wear debris and b) spectrum of the area 

analysis for P1. 

The EDS spectra for P2 and P3 are shown in Figures 6.8 c and d, respectively, along with the 

images showing the areas where the analysis was done in images a and b. The spectra for both 

samples show dominant peaks of Fe followed by Cr and some C content. Similar inferences as 

made for sample P1 can be made here. The matrix was the primary worn material during wear 

testing, with some primary carbides fracturing and making up part of the debris. However, the 

results in this case are as well only indicative as the depth of the beam could have been 

analysing the material below the debris if the debris was not thicker than 2 ɛm. Additionally, 

the carbon content reported by the EDS spectra may not always be accurate, causing some bias 

to the results outputted. 
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Figure 6.8: SEM images a) and b) showing the selected areas for EDS analysis in P2 and P3, 

respectively. The corresponding EDS spectra c) and d) present the elemental composition of 

the analysed regions. 

6.3 Wear Resistance of Heat-Treated HCCIs 

6.3.1 Coefficient of Friction of Heat-Treated HCCI Samples 

P1ht to P3ht during dry sliding wear experiments between the alumina ball and as-cast samples 

P1 to P3 surfaces. The COF plots for P1ht, P2ht, and P3ht follow a similar pattern, with a sharp 

rise during the running-in phase before stabilising after about 100ï200 m. The test covered a 

total distance of 1000 m, during which all three samples maintained relatively steady COF 

values, ranging between 0.7 and 0.8, with minor fluctuations. After heat treatment the three 

alloys exhibited similar COF behaviour and fluctuations. During the running-in phase, the COF 

rises as surface asperities come into contact, creating more resistance. As sliding continues, the 

surfaces smooth out, leading to a more stable frictional interaction. Once this phase is complete, 

the COF levels off, reflecting steady-state friction behaviour for the remainder of the 1000 m 

test. The three alloys fluctuate within similar COF ranges with each other, with marginal 

differences shown at the beginning of the running-in phase, caused by the different initial 

roughness of the surfaces. However, for the duration of the test, the differences in the tests all 

reached a peak and stabilised to the same COF. 
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Figure 6.9: Coefficient of friction behaviour of heat-treated samples P1ht to P3ht during dry 

sliding wear. 

When comparing the heat-treated samples (P1ht, P2ht, P3ht) to their as-cast counterparts (P1, 

P2, P3), in Figure 6.10 there are generally marginal increases in COF of P1ht and P2ht after 

heat treatment. This is with the exception of P3ht, which saw a noticeable decrease in COF. 

The COF for P3 was initially significantly higher than all samples as-cast and heat-treated until 

around 700 m in the running of the test, when it drastically dropped to below all the other 

samples. This can be attributed to increased hardness, homogenisation of the microstructures, 

and the precipitation of secondary carbides, which altered the microstructure and surface 

interactions during sliding. Figure 6.11 shows the trends of all the sample P1-P3 as-cast and 

heat-treated. The COF for P3 fluctuates above all samples for the majority of the test until it 

drops at ~700 m, where the COF drops below all samples. 
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Figure 6.10: COF plots for the heat-treated plots and their as-cast counterparts during dry 

sliding wear. 
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Figure 6.11: Coefficient of friction behaviour of as-cast samples heat-treated samples P1ht to 

P3ht during dry sliding wear. 

6.3.2 Wear Parameters and Wear Rates of the Heat-Treated HCCI Samples 

The wear profiles in Table 6.1 for the heat-treated samples (P1ht, P2ht, and P3ht) show changes 

in penetration depth, worn surface area, and worn volume due to heat treatment. P1ht has a 

penetration depth of 0.033 ɛm, which is lower than P1, meaning it resists wear better than the 

as-cast counterpart. However, its worn surface area increased to 47.8 mmĮ, showing that wear 

is spread over a larger area instead of being deeply concentrated. Even with this improvement, 

P1ht still has the highest worn volume (0.0016 mmį) among the heat-treated samples, meaning 

it still wears the most. P2ht has a penetration depth of 0.021 ɛm, slightly deeper than as-cast 

P2, but its worn surface area is now smaller at 45.6 mmĮ. This means that instead of spreading 

wear over a large surface, the material now wears slightly deeper. Even so, its worn volume is 

lower than P1ht at 0.0016 mmį, showing that its overall wear resistance has improved.  P2ht 

and P3ht show a marginal difference in their wear resistance. However, P3ht had the lowest 

penetration depth of 0.020 ɛm. Its worn surface area increased to 47.5 mmĮ, similar to P1ht, 

but its worn volume is the lowest at 0.0009 mmį. This suggests that heat treatment further 

strengthened the carbide morphology and size of P3ht, making it harder and more wear-

resistant while allowing wear to spread out rather than penetrate deeply.  
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Figure 6.10 shows the wear rate trends of as-cast and heat-treated samples P1 to P3 after dry 

sliding wear. The wear rate for the heat-treated samples follows a clear pattern, with P1ht 

having the highest wear rate (15.9 Ĭ 10  mmį/Nm), followed by P2ht (9.74 Ĭ 10  mmį/Nm), 

and P3ht having the lowest wear rate (9.37 Ĭ 10  mmį/Nm). P3ht remains the most wear-

resistant, while P1ht experiences the most wear. 

When comparing the as-cast and heat-treated samples in Figure 6.12, P1ht shows a slight 

improvement in wear resistance, with the wear rate dropping slightly from 16.2 Ĭ 10  mmį/Nm 

in P1 to 15.9 Ĭ 10  mmį/Nm in P1ht. On the other hand, P2ht experiences a marginal increase 

in wear rate, rising from 9.39 Ĭ 10  mmį/Nm in P2 to 9.74 Ĭ 10  mmį/Nm in P2ht. Similarly, 

P3ht also sees a marginal increase in wear rate compared to P3, going from 8.93 Ĭ 10  mmį/Nm 

in P3 to 9.37 Ĭ 10  mmį/Nm in P3ht. These results show that P1ht improved slightly, while 

P2ht and P3ht experienced marginal increases after heat- treatment. There are not many 

differences in the wear rates in the as-cast compared to the heat-treated. 

  
Figure 6.12: Wear rate trends of as-cast and heat-treated samples P1ht to P3ht. 

 

6.3.3 Wear Mechanism During Dry Sliding Wear of Heat-HCCI Samples 

Figure 6.13 shows the SEM images of wear tracks for heat-treated samples P1ht, P2ht, and 

P3ht at 100x magnification in BSE and SE imaging. In P1ht, images a and b, the wear tracks 

look more even, with a smoother surface and uniform grooves. There are no signs of deep 

ploughing marks, showing that the adhesive wear is less severe than in P1. The debris is spread 

out more evenly across the track, covering a larger surface area than in P1. The surface does 

P1 P2 P3

As-cast 16.2 9.39 8.93

Heat Treated 15.9 9.74 9.37
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not have rough edges or large grooves, which suggests that the wear is not as aggressive as in 

P1. There are also signs of adhesive wear, with less material breaking off and a more uniform 

surface. The wear track in Figures 6.13c and d shows a rougher surface with an uneven pattern 

of wearing than P1ht. The surface consists of regions where more material has been removed 

than in others, giving the surface an uneven appearance. The surface also exhibits grooves and 

traces of material tearing, as well as minor debris accumulated in patches on the track; however, 

they are still relatively uniformly scattered across the track. There is evidence of sliding over 

primary carbides while material is removed from the matrix. Some regions contain deeper wear 

markings and deep scratches, indicating that wear was not distributed uniformly throughout 

the surface. The track shows signs of a more aggressive adhesive and abrasive wear pattern 

than in P1ht. The wear track in Figures 6.13e and f appears much smoother and more uniform 

compared to P1ht and P2ht. Unlike P1ht, which shows more material removal and uneven 

grooves, and P2ht, which has deep wear scars and fractured primary carbides, P3ht exhibits 

fine, continuous grooves with minimal material tearing. The wear surface in P3ht is more even, 

with evenly spaced grooves. There are fewer signs of severe plastic deformation or aggressive 

material loss compared to P1ht. The wear debris in P3ht similar to P2ht, showing finer and 

more evenly spread debris accumulation. The overall structure of the wear track for P3ht 

suggests similar wear resistance to P2ht, with P3ht experiencing more three-body abrasion than 

P3ht which experiences a balance between the modest abrasive and adhesive wear. 
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Figure 6.13: SEM images of wear track for P1ht(a), P2ht(c) and P3ht(e) at 100x 

magnification in BSE imaging and P1ht(b), P2ht(d) and P3ht(f) at 100x magnification in SE 

imaging. 

Figure 6.14 shows the scars for the heat-treated samples P1 to P3 at higher magnification 

(500x) in BSE and SE imaging. The wear observed in Figures 6.14a and b primarily indicates 

a combination of mild abrasive wear and adhesive wear for P1ht. The presence of fine grooves 

and a continuous wear track suggests micro-abrasion, where small abrasive particles or 

asperities gradually wear down the surface without causing deep cutting or ploughing. The 

even wear pattern and smooth surface features suggest adhesive wear, where material is 














































































































































