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Abstract 

This thesis studies the effects of chromium to aluminium atomic ratio (Cr-to-Al ratio) on the 

microstructure evolution and oxidation mechanisms of as-cast CoNiCrAl alloys at 1100 °C. 

CoNiCrAl alloys serve as bond coat materials in thermal barrier coatings systems and are 

classified as high entropy alloys (HEAs). Due to their outstanding chemical and mechanical 

performance, they have been widely used as protective coating materials. To focus 

specifically on the Cr-to-Al ratio, the weight percentages of cobalt and nickel were held 

constant, as 39.4% Ni and 31.7% Co throughout this study. As-cast CoNiCrAl alloys with 

five different Cr-to-Al ratios were prepared by the vacuum arc melting and casting process. 

High temperature oxidation tests were conducted at 1100 °C in air at time intervals of 2 h, 10 

h, 25 h, 50 h and 100h. Prior to the oxidation tests, an initial vacuum heat treatment was 

carried out to the as-cast CoNiCrAl alloys for microstructure homogenisation.  

The results showed that the Cr-to-Al ratio significantly influenced the formation of competing 

oxides, Cr2O3 and Al2O3. A critical threshold at Cr-to-Al ratio of approximately 1.8 was 

proposed. Below the threshold, an exclusive Al₂O₃ layer was formed, whereas, above the 

threshold, the formation of outer layer Cr2O3 was allowed by outward diffusion of Cr in the 

low Al content CoNiCrAl alloy through incomplete Al2O3 layers. Notably, this threshold 

decreased with increasing oxidation time. 
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Chapter 1 Introduction

1.1 Background 

To meet continuous demands of turbine engine efficiency and to withstand the harsh 

operating environments in gas turbine engines [1-4], materials with high temperature stability 

and excellent oxidation resistance are of great interest. MCrAlY alloy (M=Ni/Co or a mixture 

of both), recognised as a novel material of transition metal high entropy alloy, is capable of 

providing thermal protection and prolonging service life of substrate material, due to its 

outstanding chemical and thermal stability [5, 6]. Thus, it has been widely used as a bond 

coat alloy in thermal barrier coating systems. Although the microstructure and oxidation 

characteristics of MCrAlY alloys have been widely studied [7, 8], existing research 

predominantly limited to the commercially available compositions. These commercial 

MCrAlY materials are facing challenges in meeting the rising demands of higher turbine inlet 

temperatures due to the degradation caused by inter-diffusion between coatings and substrates 

[9]. Therefore, development of novel MCrAlY with promising microstructure, phase stability 

and anti-oxidation performance is necessary to tackle these challenges.  

MCrAlY alloys typically exhibit a multi-phase structure, including face-centred cubic (fcc) 

γ/γ’ phase (rich in Ni or Co), and intermetallic body-centred cubic (bcc) β (rich in Al) phase 

[10, 11]. It is believed that the bcc-β phase is responsible for the outstanding oxidation 

resistance of MCrAlYs, acting as an aluminium reservoir that facilitates the formation of 

α-Al2O3, which serves as a protective oxide scale [12, 13].  

To achieve a sufficient concentration of the β phase, it is essential to incorporate adequate 

aluminium in the MCrAlY composition. Previous studies primarily focus on the oxide growth 
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mechanisms using the commercial MCrAlY powder compositions [14], often modifying the 

microstructure by adjusting aluminium content. However, simply rising Al content is not 

practical. Excessive content of aluminium can lead to the formation of the detrimental σ phase, 

which negatively impacts performance of the alloy due to the aggregation of cobalt and 

chromium [15]. Additionally, stable Cr2O3 can form at elevated temperatures as a secondary 

protective oxide from the fcc-γ phase [16].  

While it is widely recognised that a dense alumina scale can form on the MCrAlY alloy surface, 

a dual-layer oxide structure consisting of an outer layer of spinel oxides (which is in the form 

of (Ni,Co)(Al,Cr)2O4 in this study) and an inner layer of alumina has also been observed, 

depending on the heat treatment history [17, 18]. Thus, investigating the thermodynamic phase 

equilibria and oxidation behaviour of MCrAlY alloys with varying chromium-to-aluminium 

(Cr-to-Al) ratios is critical to revealing the competing growth mechanisms of Cr2O3 and Al2O3 

during oxidation. Since stable Cr2O3 can also form during the high temperature exposure, it is 

the Cr-to-Al ratio which account for oxidation and hot corrosion resistance, which is a key to 

extending the service life of MCrAlY materials. Notably, previous studies have not thoroughly 

explored the effects of Cr-to-Al ratios and the corresponding competing oxide growth 

mechanisms. 

This study aims to evaluate the microstructure evolution of CoNiCrAl bond coat alloys, 

focusing on the influence of Cr-to-Al ratio on phase transitions under severe high temperature 

conditions. Yttrium is excluded from this study, as its inclusion in MCrAlY alloys is typically 

not substantial enough to significantly alter phase equilibria. 

In summary, the primary objective of this thesis is to reveal the competing oxide growth 
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mechanisms of Cr2O3 and Al2O3 at various Cr-to-Al ratios in CoNiCrAl alloys and to explore 

new compositional and microstructure design of MCrAlY high entropy alloys. The vacuum 

arc melting (VAM) and casting method is employed to cast CoNiCrAl alloys. The oxidation 

evolution of CoNiCrAl alloys of various Cr-to-Al ratios, subjected to heat treatment at 1300°C 

(as indicated by previously work published in a wide range of heat treatment attempts [19]) 

was analysed by X-ray diffraction (XRD) and scanning electron microscopy (SEM). 

Additionally, the elemental composition of phases was qualitatively analysed via energy 

dispersive spectroscopy (EDS), and the phase distributions were further quantified using 

ImageJ software [20]. 

 

1.2 Project objectives and thesis structure 

This thesis mainly focuses on the microstructure evolution of CoNiCrAl alloys in the 

oxidation process, to reveal the competing oxide growth mechanism at different Cr-to-Al 

ratios. The main objectives of this research include: 

⚫ Understand how the Cr-to-Al ratio impacts the alloys by identifying compositions of each 

CoNiCrAl alloys in different stages (as-cast state, heat treated state and oxidised state). 

⚫ Reveal the mechanism of competing oxide growth between Cr2O3 and Al2O3 By 

characterising the microstructure evolution of the alloys in the oxidation process. 

⚫ Provide a prediction method for the oxide growth by analysing the effects of the Cr-to-Al 

ratio on the oxide growth behaviour of CoNiCrAl alloys theoretically. 

The outline of the thesis is as follows: 

Chapter 2: Literature review provides a comprehensive review of bond coat high-entropy 
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alloys (HEAs), the vacuum arc melting method, and the heat treatment processes. It defines 

each topic, discusses their applications, outlines practical methodologies, and identifies gaps in 

the existing literature. 

Chapter 3: Methodology illustrates the experiment procedures employed in this study, 

outlining the objectives of each step while emphasizing the expected design outcomes. 

Chapter 4: Results and discussion represents the experimental results, and characterises and 

theoretically analyses them to further explore the potential oxidation mechanisms. 

Chapter 5: Conclusion summarises the main outcome of the research, highlighting key 

findings and contributions. 

Chapter 6: Future work discusses potential gaps related to the study, along with schedules for 

future experiments to address these gaps.
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Chapter 2 Literature review 

2.1 Bond coat alloys 

2.1.1 Background 

Bond coat alloys are defined as alloys used between thermal barrier coatings (TBCs) and 

substrates, providing thermal protection, enhancing extremely high temperature performance, 

and prolonging service life [21]. They are particularly popular in high temperature applications 

as gas turbines and aerospace components. Common bond coat alloys are MCrAlY and 

Pt-modified aluminides, with additives of Ce, Y, Cr, Pd, Pt, Rh, Hf and Ir [22]. These alloys 

serve as intermediate layers between the inner substrate and the outer thermal barrier coatings, 

with functions of adhesion facilitation, oxidation and corrosion resistance enhancement, 

thermal stress and conductivity adjustment [23]. 

The primary function of bond coat alloys is improving the adhesion between the substrate and 

the thermal barrier coating. A practical bond coat is able to create a strong interfacial bond that 

can withstand the thermal and mechanical stresses applied by extreme temperatures. This is 

especially important in applications subjected to thermal cycling, where diverse expansion and 

contraction can lead to destruction of the layers. 

Another critical application of bond coat alloys is to resist oxidation and corrosion at elevated 

temperatures. They often form protective oxide layers that seal the underlying substrate from 

environmental exposure. The formation of these layers is critical for extending the service life 

of TBCs, particularly in combustion environments characterised by presence of high 

temperatures and reactive contaminants. 

Bond coat alloys are also designed for their capable mechanical and microstructure stabilities 
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at high temperature. Thermal stability of bond coat is essential to ensure that the component 

functions correctly throughout its service time. High melting points and excellent thermal 

stabilities are desirable attributes for effective bond coat alloys. 

Additionally, bond coats adjust the thermal conductivity and stress within the coating system. 

In short-term protection, some bond coats may provide lower thermal conductivity to reduce 

heat transfer to the substrate, thereby enhancing the effectiveness of the thermal barrier coating 

system. In long-term thermal cycling, effective bond coats can help mitigate a significant 

degree of stresses arising from differences in thermal expansion coefficients between the bond 

coat and the substrate, reducing the risk of cracking or delaminating in the thermal barrier 

system. 

In conclusion, high-quality bond coat alloys are essential for meeting the demands of adhesion 

facilitation, enhancing oxidation and corrosion resistance, and managing thermal stress and 

conductivity in components designed for high-temperature applications. These alloys play a 

crucial role in ensuring the durability and performance of thermal barrier coating systems. 

 

2.1.2 High entropy alloys 

Bond coat alloys, which are required to maintain high durability and stability at elevated 

temperatures, are satisfied by high-entropy alloys (HEAs), a novel class of protective coating 

materials. The distinctive composition of HEAs contributes to their unique microstructures 

and performance characteristics. 

Unlike traditional alloys, which typically consist of one or two primary metals supplemented 

with minor additions, HEAs are defined as mixtures of five or more principal elements in 
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approximate proportions [24]. This distinctive composition contributes to their unique 

properties and performance characteristics. 

One of the defining features, the most distinguishing feature of HEAs is their intrinsic 

attribution of high mixing entropy, which exceeds 1.5R (where R = 8.314 J/mol/K), compared 

to the lower entropy values found in traditional alloys (<R) [25]. The high configuration 

entropy results in a relatively low Gibbs free energy, contributing to the inherent chemical 

stability of HEAs. Consequently, this stability allows HEAs to demonstrate unpredictable but 

superior performance, characterised by complex microstructures that differentiate them from 

traditional alloys. 

HEAs can be categorised based on their principal elements into several types, including 

transition metal HEAs, refractory metal HEAs, light metal HEAs and etc. For some 

compositions of HEAs, HEAs are allowed to be comprehensively and exceptionally stable, 

staying stiff, tough and ductile while holding strong resistances of oxidation and wear though 

it is expected to be brittle due to its complex microstructures according to traditional alloy 

design empirical formulas. Each category of HEA offers specific advantages in terms of 

mechanical strength, thermal stability, and density. Figure 2-1 displays strength and density 

ranges of lightweight HEAs (LW-HEAs), which commonly have a density less than 6g/m3, 

and conventional alloys [26]. Notably, HEA is capable to achieve a doubled strength level 

compared to aluminium while maintaining a lower density. The impressive performance of 

HEAs can mainly be attributed to 3 primary mechanisms, as detailed below [26, 27].  
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Figure 2-1 Strength vs. density diagram for HEAs and conventional alloys [26]. 

 

From the thermodynamics aspect, high-entropy effect favours alloys of as-cast state with high 

configuration entropy to form solid solution structure in HEAs, which are relatively more 

stable than intermetallic structure or amorphous structures [28, 29]. Therefore, this intrinsic 

property of high configuration entropy leads it to enhanced chemical and mechanical stability 

than traditional alloys [14, 30]. 

From the aspect of kinetics, the sluggish diffusion effect plays a crucial role in the thermal and 

mechanical stability of HEAs [31-33].The presence of multiple principal elements, each with 

different atomic sizes, inhibits the formation of direct diffusion pathways. This complexity 
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raises the activation energy required for diffusion, thereby slowing the diffusion rate [33, 34]. 

The reduced diffusion rate significantly contributes to the overall stability of HEAs under 

thermal and chemical stresses. 

From the aspect of structure, lattice distortion makes efforts on strengthening the mechanical 

properties of HEAs [35-38]. In HEAs, atoms of varying sizes, lattice potentials and chemical 

bond configurations occupy the same lattice matrix randomly, leading to significant lattice 

distortion [38]. This distortion enhances the mechanical strength and thermal stability of 

HEAs, further differentiating HEAs from traditional alloy designs. 

Conclusively, by utilising the three mechanisms above, HEA performs as a capable candidate 

of bond coat alloys satisfying the demands of oxidation resistance and durability. 

 

2.1.3 MCrAlY alloys 

MCrAlY alloy, one of the most practical HEAs, has been widely utilised as a durable 

anti-corrosion bond coat material satisfying demands of high turbine engine efficiency due to 

its excellent stability. MCrAlY belongs to the system of transition metal HEAs (TM-HEAs), 

which are mainly composed by transition metal elements (Co, Cr, Ni, etc) and typically 

contain 6–12 wt% Al and 17–30 wt% Cr [39]. TM-HEAs have intrinsic properties of low 

density, high corrosion resistance, outstanding thermal stabilities and mechanical strength at 

high temperature and extrinsic property of acceptable cost, which is a competent candidate as 

a protective bond coat material for turbines [40, 41]. 

MCrAlY alloy has two primary phases, intermetallic bcc-β (NiAl or CoAl) phase and solid 

solution fcc-γ (NiCo or NiCr) phase [3]. The ability of anti-corrosion of MCrAlY is mainly 
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obtained by the extracted Al and Cr from β phase and γ phase forming an intact and dense 

aluminium oxide layer and chromium oxide layer to prevent intrusion and further corrosion 

by oxygen and nitrogen [40-44], which can be found in Figure 2-2. Co served as a role of 

mechanical strength provider in MCrAlY alloy [45]. Y is responsible for oxide scale adhesion 

at severe temperature [46]. 

 

Figure 2-2 Cross-sectional view of oxide scales on the MCrAlY alloys of (a) high Cr content 

and (b) high Al content [40]. 

 

Though the microstructure and oxidation characteristics of MCrAlY have been widely 

reported, it is mostly limited to the commercially available compositions. These commercial 

MCrAlY materials are facing great challenges in meeting further extreme conditions due to 

the degradation caused by inter-diffusion between the coating and substrates[47, 48], which 

requires better oxidation resistance due to accelerated oxidation rate at high temperature. 

Thus, designing and developing novel MCrAlY compositions and microstructures are 

necessary to solve these challenges. 
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2.1.4 Effects of Cr-to-Al ratio 

In alloys containing Cr and Al, the Cr-to-Al ratio significantly influences microstructure, 

mechanical strength, and oxidation resistance. When the Cr and Al content change, it is the 

competing growth of spinel oxides, Cr2O3 and Al2O3 that governs the oxidation kinetics of 

MCrAlYs [49]. Content of aluminium offers excellent oxidation resistance and content of 

chromium offers excellent mechanical strength. However, the oxidation resistance of 

chromium is not as good as aluminium, because Cr2O3 is not as dense as α-Al2O3, allowing 

reactive gases to diffuse more easily, and failures in sealing the surface and the potential 

evaporation of chromium oxide can accelerate coating degradation [50]. 

There are studies discovered some rationales of the Cr-to-Al ratio. Chen et al. [51] reported 

that in pure Cr-Al alloys, high Cr-to-Al ratio can leads to the formation of loosely structured 

oxide protective layers, while low Cr-to-Al ratio can degrade the mechanical strength of the 

alloys. Liu et al. [52] suggested a limited Cr-to-Al ratio because high aluminium content can 

create porous features that minimally impede the inward diffusion of oxygen if nitride is 

present. More recently, to reveal the effects of Cr-to-Al ratios on the oxide growth, Zeng et al. 

[53] investigated the oxidation behaviour of CrAl coatings by carefully controlling the atomic 

ratios of Cr-to-Al and found the transition of Al2O3 to Cr2O3 at appropriate Cr-to-Al ratios. 

Additionally, Pohler et al. [54] noted that for alloys at low Cr-to-Al ratio, a secondary layer of 

low crystallinity may form beneath the outer layer. 

Chromium and aluminium, due to their similar medium metal activities, can oxidise 

simultaneously to form protective α-Al2O3 and Cr2O3 scales at high temperatures, as a pair of 

competing oxides according to their activation energy. While aluminium is more reactive and 
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forms a dense alumina layer that effectively prevents further oxidation, chromium can also be 

oxidised significantly, with its oxide forming on the alumina layer due to a higher outward 

diffusion rate. 

Aluminium contributes to oxidation resistance by creating a compact alumina layer, whereas 

chromium forms a competing oxide, chromium oxide. The microstructure of the oxides formed 

can be influenced by several factors, including the atomic ratio of Cr and Al, temperature, and 

heating duration. To maintain the hardness provided by chromium while ensuring effective 

oxidation resistance from aluminium, it is essential to investigate and interpret the oxidation 

evolution of CoNiCrAl alloys at varying Cr-to-Al ratios. 

 

2.2 Vacuum arc melting 

2.2.1 Background and methods 

To meet the stringent demands for high purity, low defect rates, and robust mechanical strength 

in casting HEAs, vacuum arc melting (VAM), an advanced alloy casting technique is utilised 

to cast high quality metal ingots [55]. The advantages of VAM are achieved by its unique 

casting environment. The method utilises direct current to melt raw materials into alloy ingots 

within a vacuum furnace (see Figure 2-3). This vacuum setting prevents the molten metal from 

contacting with any reactive gases, thereby ensuring the purity of the final product. 

Additionally, the thorough melting and mixing processes stabilise the product, minimizing 

defects and inhomogeneities that could complicate subsequent analyses. Furthermore, the 

utilisation of electricity allows VAM to adjust electrical input accurately and timely to control 

temperature, enabling the precise execution of complex casting procedures. 
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Figure 2-3 Schematic diagram and procedures of VAM [55]. 

VAM not only enhances the purity and reduces defects in the produced alloys, but also it 

improves their mechanical strength. The rapid solidification process can be achieved by VAM 

to produce columnar dendritic structure and interdendritic segregation, which can confer 

additional strength to HEAs [56]. 

Though the method of VAM has several advantages compared to traditional casting methods, 

the rapid solidification step associated with VAM can lead to the formation of amorphous 

structures, which may replace solid solution structures [57, 58]. The presence of amorphous 

phases can negatively impact the mechanical strength and thermal stability of HEAs, which is 

unfavoured in alloy casting. Therefore, additional processing steps are often required to 

transform amorphous alloys into solid solution structures for products of VAM. 
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2.2.2 Application and performance 

VAM is particularly advantageous for the development of HEAs, as its highly controllable 

parameters align satisfying the design requirements of these materials. First of all, the ability to 

precisely control temperature during the casting process allows for the tailored design of grain 

size and uniformity in HEAs. Empirical evidence suggests that VAM can enhance ductility, 

strength, and other desired mechanical properties, as well as improve chemical and thermal 

stability [59-61]. Moreover, VAM facilitates the casting of alloys with mixed microstructures. 

HEAs characterised by multi-phase structures have shown a potential of improving high 

temperature performance compared to their single-phase counterparts [62]. This multi-phase 

structure is a result of the rapid solidification process employed in VAM. 

For instance of performance, Cieslak et al. [63] demonstrated that CrAlFeCoNi alloys 

produced using the VAM method exhibit superior corrosion resistance compared to those 

casting via sintering techniques. Similarly, Wang et al. [60] reported that AlCrFeCoNi HEAs 

fabricated by VAM show enhanced overall mechanical strength compared to alloys produced 

using traditional methods. Zhang et al. [61] proposed the same improvement in mechanical 

properties in CoCrFeNiCuAl alloys casted using the VAM technique. 

 

2.3 Heat treatment 

A heat treatment is necessary to homogenise phase distribution in HEAs for their complex 

microstructures. Heat treatment is a process that involves controlling temperature through 

specific procedures to alter the microstructure of metals. Commonly, this method can make 

significant changes to the mechanical properties of alloys, and their hot corrosion resistance 
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also can be varied.  

For instance, as illustrated in Figure 2-4, the grain size of oxidised bond coats subjected to heat 

treatment is larger than that of untreated bond coats. This observation suggests that the oxide 

scale formed during heat treatment is more intact, which in turn reduces the diffusion path for 

oxygen. Consequently, the oxidation resistance of CoNiCrAlY alloys that have undergone heat 

treatment is significantly stronger compared to those that have not, highlighting the critical role 

of heat treatment in influencing oxidation behaviour. 

Moreover, alloys in the as-cast state may contain amorphous phases if they are undercooled 

during the casting process [37]. A proper heat treatment with a low cooling rate can facilitate a 

phase transformation from an amorphous structure to solid solution or intermetallic 

compounds. 

Furthermore, several parameters of heat treatment, including temperature, duration, and 

ambient pressure, can significantly affect the microstructure and oxidation resistance of 

CoNiCrAlY alloys. For instance, Keller et al. [64] demonstrate that a low-pressure 

environment during heat treatment can promote the migration of the bcc-β phase to the surface, 

as depicted in Figure 2-5. Similarly, Jung et al. [65] report that lamellar patterns of the γ phase 

can form in AlTi alloys through heat treatment, attributing these patterns to enhanced thermal 

stability [66]. Meng et al. also noted that an optimal heat treatment can enhance adhesion 

strength [67]. 
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Figure 2-4 Oxidation rates of CoNiCrAlY alloys with heat treatment vs. oxidation rates of 

CoNiCrAlY alloys without heat treatment [68]. 

 

Figure 2-5 Microstructure of CoNiCrAlY alloys at different heat treatment pressure [64]. 

 

For MCrAlY alloys, the fundamental purpose of proper heat treatment is to distribute the bcc-β 

phase more homogeneously within the fcc-γ phase matrix [68]. This transformation can 

significantly enhance the chemical homogeneity and thermal stability of MCrAlY alloys. 

These studies underscore the importance of heat treatment conditions in modifying the 

microstructure of MCrAlY alloys and enhancing their oxidation resistance. 
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2.4 Gap in the literature 

Previous studies mainly focus on the oxide growth mechanism using the commercial 

MCrAlY powder compositions [14]. It has been widely recognised that a dense alumina scale 

can form at the material surface, but a dual layer of oxides consisting of an outer layer of 

spinel oxides and an inner layer of alumina is also found, depending on the heat treatment 

history [17]. It has been reported that Cr can facilitate the growth of stable Cr2O3 and increase 

the service time of the CoNiCrAlY materials. However, none of the previous studies have 

comprehensively investigated the competing oxide growth mechanism at different Cr-to-Al 

ratios. Since Cr content can change the oxide growth method of CoNiCrAl alloy, the 

competing growth mechanism of Cr2O3 and Al2O3 at different Cr-to-Al ratios is valuable to be 

studied. More importantly, the exploration in the oxidation mechanism will be able to develop 

novel CoNiCrAlY-based high entropy alloys with improved thermal stability and oxidation 

resistance. Though there is a paper reported the effects of Al content on the microstructure and 

oxidation behaviour of CoNiCrAlY alloys, it is limited to high Al content alloys [69]. The 

growth of competing oxides, such as Cr2O3 is only applicable in oxidation of low Al content 

alloys because Al is relatively active thus Al would be prior to be oxidised unless Al is not 

insufficient. The microstructure and oxidation behaviour of low Al content alloys is still 

needed to be investigated since the impacts of Cr content were ignored by the studies 

focusing on Al content. To develop novel composition and microstructure of the CoNiCrAlY 

alloys, the heat treatment temperature and time to obtain a homogeneous phase distribution 

with improved oxidation resistance also need to be studied for improvement.
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Chapter 3 Methodology 

3.1 As-cast sample preparation 

Five as-cast CoNiCrAl alloys of different Cr-to-Al ratios were prepared using the vacuum arc 

melting process. The nominal compositions of these alloys at different Cr-to-Al atomic ratios 

are detailed in Table 1, which cover the composition of β phase dominating, which allow 

exclusive alumina growth (ratio 0.3), the reference composition of commercial MCrAlY 

powder (Amdry 9951, Praxair CO-210-24) with ratio 1.3, and the composition of γ phase 

dominating, which allow intact chromium oxide layer grows (ratio 2.8) [53, 70-73]. The 

compositional ranges of Al and Cr in the samples were extended beyond those of conventional 

MCrAlY alloys to investigate the fundamental oxidation mechanisms under extreme 

conditions. The Cr-to-Al ratios of samples were controlled by the weight of Cr and Al added 

while Co and Ni were kept constant. Yttrium, typically only included at 0.5 wt% in 

commercial MCrAlY powders, is commonly added to improve oxide adhesion and reduce the 

exfoliation of oxide scales [74, 75], but the risk of oxide scale exfoliation is minimal in 

laboratory. Therefore, it was excluded from the alloy composition due to its limited proportion 

and negligible effect on the phase equilibria [19]. 

The vacuum arc melting was conducted in pure argon (99.99%) at a pressure of 700 mbar using 

a non-consumable vacuum arc melting furnace (EbmundBüehler AM200) to manufacture the 

as-cast samples. High purity(>99.99%) Co, Ni, Cr, and Al ingots (provided by Yijinxincai Co.)  

were placed in an alumina crucible within the furnace. To prevent oxidation during the casting 

process, oxygen in the chamber was removed by evacuating the furnace to a pressure of 9 × 

10-4 bars and then backfilled with pure argon gas three times to create an oxygen-free 
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environment. The raw metal ingots were melted at temperatures ranging from 4700 to 5700 °C 

using an electric arc maintained at 250-500 A. To ensure thorough mixing, the molten metal 

was stirred at a current of 5 A for 5 minutes and repeated for six times. The crucible was 

inverted after each vacuum arc melting cycle to promote chemical homogeneity of the samples. 

The molten metal was then casted into a mould with 250 mm radius and 14.9 mm depth, and 

after complete cooling and solidification, the as-cast alloys were cut into cuboids of 10 mm × 

10 mm × 5 mm using wire electro-discharge machining (WEDM, Mitsubishi MV2400S) for 

further treatments and inspections. 

Table 3-1 Nominal composition of the as-cast CoNiCrAl alloys. 

Sample# Cr:Al (atomic ratio) Co (wt %) Ni (wt %) Cr (wt %) Al (wt %) 

1 0.3 39.4 31.7 10.6 18.3 

2 0.8 39.4 31.7 17.5 11.4 

3 1.3 39.4 31.7 20.8 8.1 

4 1.8 39.4 31.7 22.4 6.5 

5 2.8 39.4 31.7 24.4 4.5 

 

3.2 Heat treatment 

According to previously published work in a wide range of heat treatment attempts [19], a 

homogenisation heat treatment is necessary to obtain even phase distribution in the as-cast 

alloys. The heat treatment was performed to the as-cast CoNiCrAl alloys at 1300 °C for 25 

hours in an argon atmosphere to prevent the formation of impurities from reactive gases. Prior 

to treatment, the surface of the alloys was polished to ensure purity and smoothness. The alloys 
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were placed in separate alumina crucibles within a vacuum furnace. The chamber was 

evacuated to a pressure of 9×10-4 bars and then backfilled with pure argon (>99.99%) three 

times to remove any residual oxygen. After heating the as-cast alloys at 1300 °C for 25 hours, a 

natural cooling was employed. This cooling process took approximately 10 hours to bring the 

alloys down gradually to the room temperature. 

 

3.3 High temperature oxidation 

An isothermal high temperature oxidation was conducted on the alloys after heat treatment. 

The alloys were carried in separate alumina crucibles and subjected to oxidation at 1100 °C in 

an air furnace. Each set of the alloys of different Cr-to-Al ratios were then oxidised at 

intervals of 2 h, 10 h, 25 h, 50 h, and 100 h. A 400-minute preheat was employed prior the high 

temperature oxidation, followed by a 600-minute natural cooling stage. 

 

3.4 Microstructure characterisation 

The phases present in the alloys were identified by Bruker AXS D8 Advance XRD, with a 

scanning step of 4 s for every 0.02°, and a scanning range of 2θ from 20° to 100°. The output 

from XRD was processed using MDI Jade 9 to identify the characteristic peaks of different 

phases. The surface morphology of the oxidised alloys and cross-sectional microstructures at 

various oxidation stages at boundaries were inspected by ZEISS Gemini1 FE-SEM at 15 kV 

extra high tension (EHT) after a mirror-like surface finish was obtained by successively 

grounding and polishing. The alloys were gold-sprayed prior to surface morphology inspection. 

Elemental compositions of phases before and after heat treatment were qualitatively analysed 
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by EDS. Results were averaged from three trials to ensure representativeness. Elemental 

distribution and concentration of Co, Ni, Cr, Al, O, and N were assessed via EDS mapping, 

conducted simultaneously with SEM imaging to correlate compositional data with the phases 

previously identified by XRD. The volume fractions of each phase were further analysed in 

image processing software, ImageJ. The images were initially processed with noise 

despeckling, followed by conversion from RGB to 8-bit format. The Image-Adjust-Threshold 

function was then applied to determine the volume fraction of the phases. The threshold's 

LUT value was set at the minimum between two peaks, allowing for distinct identification of 

the two phases. The volume fraction of the γ phase (the brighter phase) was then displayed. 

 

3.5 Strengths and limitations 

This study employs a comprehensive set of inspection methods, including SEM, EDS, and 

XRD, with cross-validation. The compositions, identified phases, and microstructures were 

compared with those reported in relevant studies. Additionally, the experimental threshold for 

chromium oxide formation was compared to the theoretical value. However, the study has 

some limitations, such as the potential risk of yttrium removal and the limited sample size, 

which may lead to errors.
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Chapter 4 Results and discussion 

4.1 Microstructure of the as-cast CoNiCrAl alloys 

Figure 4-1 shows the microstructure of the initial stage of the samples, as-cast CoNiCrAl 

alloys. The alloys at ratio of 0.8 to 1.8 (Figure 4-1(a-d)) have a typical lamellar eutectic 

structure with a dark β-(NiAl) phase and a bright γ phase. Unclear boundaries between β and 

γ phase were noticed in as-cast CoNiCrAl alloy at ratio of 0.3 in Figure 4-1(a) due to the 

excess amount of scattered γ phases precipitation without aggregation by rapid solidification 

in casting process[19]. In contrast, in Figure 4-1(e), the as-cast alloy at Cr-to-Al ratio of 2.8, 

has a uniform γ phase with trace AlN detected, and no β phase was observed. The area 

fraction of impurities in Figure 4-1(e), mostly AlN, is about 2% in cross-section on the 

surface. Phase of oxide was not found in the as-cast alloys. The identity of phases and their 

proportions were further confirmed by the result of EDS and XRD analysis in Section 4.2 

and Section 4.3. 

 

Figure 4-1 Microstructure of the as-cast CoNiCrAl alloys at Cr-to-Al ratio of: (a) 0.3; (b) 0.8; 

(c) 1.3; (d) 1.8; (e) 2.8 before heat treatment. 
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To homogenise the as-cast CoNiCrAl alloys, 25 hours 1300°C heat treatment in closed 

furnace was applied, and the microstructure of CoNiCrAl alloys after heat treatment can be 

seen in Figure 4-2. Heat treatment improved the structural homogeneity and stimulated the 

major phase to grow continuously and the minor phase to accumulate, and the balance of β 

and γ phase was achieved at ratio 0.8 (see Figure 4-2(b)), where distributions of two phases 

are nearly equivalent, thus both phases appear to be continuous and large patterns. Nucleation 

of minor phases was achieved, which can be conducted by comparing Figure 4-1 and Figure 

4-2. Any lamellar patterns of phases in the alloys were eliminated by the heat treatment. 

Additionally, the boundaries between β and γ phase were clarified. The most significant 

change was gained by the alloy at ratio of 0.3 in Figure 4-2(a). It gained clear boundaries 

between β and γ phase and clear γ phase could be recognised after phase redistribution 

achieved by heat treatment.  

 

Figure 4-2 Microstructure of the as-cast CoNiCrAl alloys at Cr-to-Al ratio of: (a) 0.3; (b) 0.8; 

(c) 1.3; (d) 1.8; (e) 2.8 after heat treatment.
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4.2 Phase proportions and compositions 

Figure 4-3 is a diagram of β and γ phase fractions illustrating the phase changes of the as-cast 

CoNiCrAl alloys by heat treatment. The proportion of β phase in the alloy at ratio of 0.3 was 

dropped slightly, which replaced by the proportion of γ phase. For the alloy at ratio of 0.8, 

which huge β and γ phase patterns were generated, Figure 4-3 indicates the proportions of β 

and γ phase are approximately 50%, which not only allow nucleation of “minor phase” but 

also of the “major phase”. As a result, the process of nucleation was prolonged and enlarged. 

β and γ phase nucleate simultaneously and equivalently to form larger phase patterns. In the 

alloys at ratio of 1.3-2.8, β phase becomes the minor phase and is nucleated to shorter 

patterns instead of lamellar structures. The decrease in proportion of β phase with increase in 

Cr-to-Al ratios can be explained that the overall Al content in the alloy decreases with 

Cr-to-Al ratio increases. Since the proportion of the β phase is closely associated with the Al 

content, a decrease in the β-phase proportion is expected at high Cr-to-Al ratios, as indeed 

seen in Figure 4-3. In the alloys at Cr-to-Al ratio of 1.8, uniform γ phase with trace AlN, and 

small proportion of β phase can be identified. The volume fraction of γ phase is proportional 

to Cr-to-Al ratio as expected, proven by software ImageJ quantification, and exclusive γ 

phase was observed in the alloys at ratio of 2.8 as shown in Figure 4-3. 
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Figure 4-3 β and γ phase fractions of the as-cast and HT CoNiCrAl alloys at various Cr-to-Al 

ratios. 

 

Figure 4-4 displays the elemental composition changes of β and γ phase by heat treatment. 

The changes of phases are not influential, but roughly follow a trend. It can be induced that 

Ni and Al transferred from γ phase to β phase, contrarily, Co and Cr transferred from β phase 

to γ phase in exchange. The alloys at ratio of 2.8, which is a single γ phase, exhibit an 

unexpected composition change, and the compositions of the alloys after heat treatment are 

more coherent to the nominal composition designed, which proves the homogenisation effect 

of the heat treatment. 
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Figure 4-4 Composition evolution of (a) β phases and (b) γ phases in the as-cast and HT 

CoNiCrAl alloys at various Cr-to-Al ratios. 

 

4.3 Phase identification 

XRD patterns of CoNiCrAl alloy at various stages of oxidation at 1100°C are shown in 

Figure 4-5. Characteristic peaks of fcc-γ phase, spinels and Al2O3 are noticed in all alloys. 

Cr2O3 is found in the alloy at ratios of 1.8 and 2.8 (see Figure 4-5(d)-(e)), and bcc-β phase is 

found in the alloy at ratio of 0.3-1.8 (see Figure 4-5(a)-(d)). The result of XRD is 

substantially coherent to that of EDS, beside AlN. Though the existence of AlN is proved by 

EDS in oxidised samples, the characteristic peaks of AlN are unable to be found in the output 

of XRD. This contradiction should be caused by two factors. On one hand, the proportion of 

AlN is small, so the signal of AlN can be weak enough to be covered by the background 

noise. On the other hand, the depth limitation of XRD detection prevents it from effectively 

detecting AlN, as the oxide layer hinders access to the material. 
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Figure 4-5 XRD patterns of HT CoNiCrAl alloys at Cr-to-Al ratios of: (a) 0.3, (b) 0.8, (c) 1.3, 

(d) 1.8 and (e) 2.8 after 2 h, 10 h, 25 h, 50 h, and 100 h oxidation. 

 

Figure 4-5 shows changes between the patterns of the early and later stages of oxidation. At 

early oxidation stage of low Cr-to-Al ratio samples (see curves between HT and 10 h in 

Figure 4-5), formation of Al2O3 extracts Al content from β phase, which forms extra γ phase 

layer beneath the oxide layer. Hence the signal of γ phase is amplified and the signal of β 

phase is reduced. At later oxidation stage of low Cr-to-Al ratio samples (see curves between 

100 h and 25 h in Figure 4-5), formation of continuous alumina layer on top amplifies the 

signal of Al2O3 after long time oxidation and shades the signal of γ phase. 

In high Cr-to-Al samples (see Figure 4-5(d)-(e)), simultaneous formation of Al2O3 and Cr2O3 

does not change the dominating status of γ phase or create any new β phase. The signals of 

Al2O3 and Cr2O3 both relatively amplified in the later oxidation stage, which indict a steady 

growth of both oxides. 
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The signal of spinels is not significant. The formation of spinels is low on surface after 

oxidation. 

 

4.4 The microstructure of the oxidised CoNiCrAl alloys 

The surface morphology of oxide scales on CoNiCrAl alloys at 1100 °C for various oxidation 

stages is shown in Figure 4-6. By EDS elemental identification (average compositions of 

typical oxides by EDS can be referred in Table 4-1), both oxides, Al2O3 and Cr2O3 were 

identified as dark smooth but discontinuous scale growing on top of the substrate, and spinel 

oxide (in the form of (Ni,Co)(Al,Cr)2O4) is identified by its porous structures. In low 

Cr-to-Al ratio samples (see Figure 4-6(a-i)), layer of alumina can be observed just after 2 h 

oxidation, and the surface area of Al2O3 is proportional to the concentration of Al and the 

oxidation time. On contrary, in high Cr-to-Al ratio alloys (see Figure 4-6(m-o)), only growth 

of Cr2O3 is observed on the surface. Though it is still possible that there can be some Al2O3 

on the surface, Cr2O3 is definitely dominating. The surface morphology at ratio of 1.8, the 

alloys reveals a unique oxidation process, which is a Cr-to-Al ratio threshold of Cr2O3 

formation. On its surface, Al2O3 is found after 2 h oxidation but replaced by Cr2O3 after 10 h 

and 100 h oxidation. Al2O3 is still possible to exist on surface because it was found in 

cross-sectional view of CoNiCrAl alloy after 10 h oxidation in Figure 4-8(d) but it can be 

covered by spinels or its proportion is too low to be sampled in surface morphology 

inspection. 
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Figure 4-6 Surface morphologies of the CoNiCrAl alloys at Cr-to-Al ratios of: (a-c) 0.3, (d-f) 

0.8, (g-i) 1.3, (j-l) 1.8, and (m-o) 2.8 after oxidation at 1100°C. 

Table 4-1 Typical compositions of oxides in CoNiCrAl alloys by EDS analysis 

Element Spinel (at %) Al2O3 (at %) Cr2O3 (at %) 

Al 4.4 35.4 0 

Cr 15.2 7.4 31.5 

Co 19.7 0 0 

Ni 11.1 0 0 

O 49.6 57.2 68.5 
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Figure 4-7 shows the microstructure of CoNiCrAl alloys after 2 hours oxidation in 1100 °C. 

From the view of cross-sectioning, it can be indicated that a layer of pure γ phase was formed 

underneath the aluminium oxide layer in low Cr-to-Al ratio alloys just after 2 h oxidation. 

The phenomenon was most obvious in the alloy at ratio of 0.3 (see Figure 4-7a). It also can 

be confirmed by the signal of γ phase by XRD, which was amplified after the oxidation. A 

dense layer of Al2O3, with γ phase mixing a few AlN, was observed in alloys except of ratio 

2.8. In contrast, in alloys at ratio of 2.8, a dual-layer-structure, with an additional layer of 

Cr2O3, was observed on the top of Al2O3 layer, and the alumina layer is in lamellar pattern 

instead of in continuous pattern. For the reason that the layer of Al2O3 kept growing, layer of 

Cr2O3 not simply replaces the layer of Al2O3, but grows on it. 

 

Figure 4-7 Cross-sectional microstructure of the CoNiCrAl alloys at Cr-to-Al ratios of: (a) 

0.3; (b) 0.8; (c) 1.3; (d) 1.8; (e) 2.8 after 2 hours oxidation at 1100 °C. 

 

After 10 h oxidation, both the alumina layer and the γ phase layer (alumina depletion zone) 

grew thicker, and AlN was observed in deeper positions in alloys at ratio of 0.3-1.3 (see 
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Figure 4-8(a-c)). In the alloy at ratio of 2.8, the layer of Cr2O3 keeps growing, and both 

alumina and AlN diffuse deeper and significantly larger (see Figure 4-8(d-e)). A critical 

structure is discovered in the alloy at ratio of 1.8, a mixture of dense Al2O3 layer and a dual 

layer structure, with a clear boundary between two structures. It indicates a threshold of 

exclusive growth of Al2O3, where two growth mechanisms are well balanced, depending on 

phase distribution. The co-existence of Al2O3 and Cr2O3 layers was confirmed by EDS 

mapping in Figure 4-10, and more AlN was found beneath the dual layer structure than dense 

Al2O3 layer. 

 

Figure 4-8 Cross-sectional microstructure of the CoNiCrAl alloys at Cr-to-Al ratios of: (a) 

0.3; (b) 0.8; (c) 1.3; (d) 1.8; (e) 2.8 after 10 hours oxidation at 1100 °C. 

 

After 100h oxidation, for the alloys at ratios of 0.3-1.3, dense Al2O3 layer and AlN was 

observed. No dense Al2O3 layer can be observed in alloys at ratio of 1.8 after sufficient 

oxidation period (see Figure 4-9). The structure of alloys at ratio of 2.8 is unchanged but all 3 

layers of oxides and nitrite were thickened.  
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Figure 4-9 Cross-sectional microstructure of the CoNiCrAl alloys at Cr-to-Al ratios of: (a) 

0.3; (b) 0.8; (c) 1.3; (d) 1.8; (e) 2.8 after 100 hours oxidation at 1100 °C. 

 

The distribution of elements after oxidation was visualised by EDS mapping in Figure 4-10, 

which is a sight of view with the most complete microstructure sampled and most phases 

were included. After 10h oxidation at 1100 °C, surface of the alloy was already essential 

oxidised. It can be inferred that purities of the oxide layers were high (a few signal of other 

elements was observed in region of Al2O3 and Cr2O3) and intact (no crisscross pattern of 

phases). In addition, the signal of spinels is still not significant even in cross sectional view, 

which indicates it is hard to be found not only at the surface of the oxides, but also beneath the 

top oxide layer. 
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Figure 4-10 The EDS elemental mapping of oxide and nitride growth in the CoNiCrAl alloys 

at Cr-to-Al ratio of 1.8 after 10 hours oxidation at 1100 °C.
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4.5 Growth of competing oxides 

The major oxides of the CoNiCrAl alloy formed after oxidation at 1100C are Cr2O3 and 

Al2O3. The content of other potential oxides, such as NiO and NiCr2O4, is low enough to be 

neglected, as indicated by the XRD and EDS results (see Figure 4-5 and Figure 4-10). Thus, 

in the process of oxidation, Al2O3 and Cr2O3 performed as a pair of competing oxides, and 

their competition is the core mechanism of the oxide formation. To explain the mechanism of 

competing oxide formation in CoNiCrAl alloy, normally 4 factors, free energies of formation, 

the atomic ratio, the rate constants for the formation, and the inter-diffusion coefficient of two 

elements are considered [76]. Rate constant for the formation is simply a molar ratio between 

reactants in a reaction, and large rate constant normally result in low priority of oxidation. As 

long as they are both 1.5 for oxidation of Al2O3 and Cr2O3 in this study, the impact of this 

factor can be ignored. A high inter-diffusion rate of an element ensures that a sufficient 

amount of it is available on the surface for oxidation. Consequently, higher inter-diffusion can 

lead to an increased reaction rate. In the following section, the inter-diffusion coefficient is 

used to calculate exclusive oxide growth. 

From theoretical value of free energy of oxide formation, 0 >ΔGθ(Cr2O3)>ΔGθ(Al2O3).For the 

reason of Al’s high negative free energy of formation, it is easier to be oxidised than most of 

metal elements in the early stage of oxidation, such as Cr in this study. Moreover, its product 

of oxidation has a higher thermodynamic stability than oxides of other metal elements. In 

early stage of oxidation, for the influential role of free energy of formation, Al in alloys of 

low Cr-to-Al ratio experienced a selective oxidation for its high free energy of formation. 

Consequently, exclusive Al2O3 layer can be found in alloys at ratios of 0.3-1.8. 
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In the later stage of oxidation, the role of atomic ratio becomes crucial in oxidation process. It 

can be proved by the microstructure evolution in the alloy at ratio of 1.8, where Al2O3 is 

formed earlier than Cr2O3. There was no dual layer of Cr2O3 and Al2O3 can be found in 

cross-section view of the alloy at ratio of 1.8 (see Figure 4-7(d)), nor Cr2O3 can be found in 

surface morphology after just 2 h oxidation (see Figure 4-6(j)). In contrast, no dense layer of 

Al2O3 can be found in cross-section view of the ratio 1.8 alloy (see Figure 4-8(d)), and few 

of Al2O3 can be found in surface morphology after 100 h oxidation (see Figure 4-6(l)). It can 

be inferred that in the alloys at high Cr-to-Al ratio, layer of Al2O3 is the transition pattern of 

the dual layer of Cr2O3 and Al2O3, formed before Al content, or β phase, depleted by the 

formation of alumina layer. In low ratio samples, γ phase (Cr rich) was isolated from the air 

by the intact Al2O3 layer, thus the formation of Cr2O3 is prevented. Formation of dense Al2O3 

layer was hindered in oxidation process of the alloys at ratio of 2.8 by its insufficient Al 

content, or it possibly can be found in initial stage of the oxidation process. 

High Cr content could reduce the coverage of alumina and form an additional layer of Cr2O3 

on top of Al2O3 [77]. Ratio 1.8 is the threshold which certifies if chromium can infiltrate the 

layer of alumina and be able to form a separate layer of chromium oxide on top of alumina 

layer. The β phase distribution in the alloy at ratio of 1.8 is considered to be explanation of 

the co-existence of dense Al2O3 layer, and dual-layer of Cr2O3 and Al2O3. As long as β phase 

is rare in ratio 1.8 alloy, a continuous protective alumina scale is not attainable to be formed 

to prevent out diffusion by high concentration of Cr. Instead, corresponding pieces of alumina 

layer were formed above the β-rich regions. Therefore, Cr is allowed to diffuse through 

cracks to the surface forming an extra oxide layer of Cr2O3, above the Al2O3 layer. 
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Though presence of aluminium nitride beneath the Al2O3 layer is primarily attributed to the 

less dense property of chromium oxide compared to alumina, dual layer of Al2O3 and Cr2O3 

can reduces oxide growth rate of O inward transport and improves scale adhesion [78]. 

Consequently, while the presence of chromium reduces high-temperature corrosion, the alloys 

at a higher Cr-to-Al ratio exhibit greater AlN content. 

4.6 Threshold of Cr2O3 formation 

It was shown that the oxidation evolution of CoNiCrAl is mainly consisted by the formation 

of dense α-Al2O3 scale in β phase rich regions in alloys of low Cr-to-Al ratio, and formation 

of dual layer of Cr2O3 and Al2O3 in γ-phase rich regions in alloys of high Cr-to-Al ratio, and 

both appeared in alloys of 1.8 Cr-to-Al ratio. The threshold of formation of Cr2O3 is not 

remained constant during oxidation evolution. It can be inferred from Figure 4-7(e), in the 

early stage of oxidation, the oxidation of Al is favoured for its high free energy of formation, 

thus Cr2O3 cannot be found in the alloy of ratio 1.8.In later stage of oxidation, due to the Al 

depletion region, the growth of Al2O3 cannot be maintained. Therefore, the threshold of 

Cr2O3 formation is reduced. 

Wagnar theory can be referenced to predict the threshold theoretically [79]. The theory is 

primarily used to predict the minimum concentration required for a solute to form exclusive 

oxide. If a continuous Al2O3 scale is allowed to be formed, a minimum threshold for Al 

concentration is required to facilitate an exclusive growth of Al2O3 and isolate the reactive air 

avoiding formation of other oxide. Wagnar theory can be expressed as following: 

                             𝑁𝐴𝑙
(1)

≥ [𝑓(
𝑉𝑚

𝑉𝑜𝑥
 )𝜋

𝑁𝑂
𝑆𝐷𝑂

2𝜈𝐷𝐴𝑙
]

1

2                      (4.1) 

 𝑁𝐴𝑙
(1)

 is the lower threshold of Al concentration (atomic percentage) in this study to form 
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exclusive Al2O3 layer, 𝑓 is the volume fraction of internal oxide, 𝑉𝑚and 𝑉𝑜𝑥 are the respective 

molar volumes of the alloy and oxide, 𝑁𝑂
𝑆 is the solubility of oxygen in the alloy (atomic 

percentage), 𝐷𝑂 is the diffusivity of oxygen in the alloy, 𝜈 is the stoichiometric ratio of oxygen 

to Al in Al2O3, which is 1.5, and 𝐷𝐴𝑙 is the diffusion coefficient of the Al in the alloy. 

The theoretical  𝑁𝐴𝑙
(1)

 can be derived from the parameters estimated in Table 4-2 using the 

calculations from Eq. (4.1), which is 9.17%. The experimental result, the Al percentage of 

ratio 1.8 is 6.5%, which is lower than the theoretical prediction. Though the atomic 

percentage of Al of the experimental can be lower than the threshold, the existence of β phase, 

which has approximately 35% atomic percentage of Al, as an “Al-reservoir”, provides 

sufficient Al to form dense Al2O3 layer. Moreover, Al2O3 layer can form above the β phase 

even in alloys of high Cr-to-Al ratio, but hard to be noticed in early stage by morphology. As 

composition change in phases is not significant by Cr-to-Al ratio variation, proportion of 

phases should be responsible for the transformation of oxide layer formation. 

Table 4-2 Parameters for estimation of exclusive Al₂O₃ formation in the CoNiCrAl alloys at 

Cr-to-Al ratio of 1.8. 

Parameter Value Unit 

 𝑉𝑚 7.184 × 10−6 m3/mol 

𝑉𝑜𝑥  25.575 × 10−6 m3/mol 

 𝑓 34 % 

𝑁𝑂
𝑆  0.001 [80]  

𝐷𝑂  10-12 [81] m2/s 

𝐷𝐴𝑙  1.19 × 10−14 [82] m2/s 
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Secondly, to explore reduction of the threshold, an additional method is derived to predict the 

threshold of maintaining [76]: 

                              𝑁𝐴𝑙
(2)

≥
𝑉𝑚

2𝜈𝑀𝑂
 [

𝜋𝑘𝑝

𝐷𝐴𝑙
]

1

2                         (4.2) 

𝑁𝐴𝑙
(2)

 is the threshold of Al concentration (atomic percentage) in this study to maintain the 

external scale formation,  𝑘𝑝 is the rate for continuous oxide scale growth (g2/m4s), and 𝑀𝑂 is 

the molar mass of the oxidant. Similar to Eq. (4.1), 𝐷𝐴𝑙 represents the diffusion coefficient of 

Al and 𝑉𝑚 represents the molar volumes of the alloy in Eq. (4.2). 

The theoretical 𝑁𝐴𝑙
(2)

 can be derived from the parameters estimated in Table 4-3 using the 

calculations from Eq. (4.2), which only 3.33 atomic percent of Al is required for maintaining 

an external scale formation. However, in the alloy of 1.8 Cr-to-Al ratio, exclusive alumina 

Al2O3 is failed to be maintained. Though 𝑁𝐴𝑙
(2)

 is significantly lower than 𝑁𝐴𝑙
(1)

, the 

extraction of Al in early stage of oxidation drops the concentration of Al to an extremely low 

level forming an Al depletion region beneath the Al2O3 layer and leads to the failure of 

maintaining exclusive Al2O3 layer. 

Table 4-3 Parameters for estimation of maintaining external scale formation in the CoNiCrAl 

alloys at Cr-to-Al ratio of 1.8. 

Parameter Value Unit 

 𝑉𝑚 7.184× 10−6 m3/mol 

𝑀𝑂  16  g/mol 

 𝑘𝑝 1.88×10-4 [83] g2/m4/s 

𝐷𝐴𝑙  1.19 × 10−14 m2/s 

After 100 h oxidation, sufficient Cr diffuses to the surface of the alloys of low Cr-to-Al ratio 
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to form Cr2O3 layer on surface. The structure of alloys at ratio 1.8 is then stabilised to be 

covered by Cr2O3 and Al2O3 layers. For alloys of low Cr-to-Al ratio, an intact Al2O3 layer 

forms before Al was depleted beneath, preventing the formation of other oxides maintaining 

an exclusive dense Al2O3 layer. 

 

Chapter 5 Conclusion 

In this study, the effects of Cr-to-Al ratio on microstructure evolution and oxidation 

mechanism of as-cast CoNiCrAl alloys prepared by VAM method were investigated after 

heat treatment. The microstructure and oxidation characteristics of the CoNiCrAl alloys at 

five different ratios, 0.3, 0.8, 1.3, 1.8 and 2.8, were analysed to reveal the oxide growth 

mechanisms at different Cr-to-Al ratios. The conclusions are drawn as follows: 

 

⚫ Dense Al2O3 layer formed by selective oxidation is the main oxidation mechanism in 

CoNiCrAl alloys of low Cr-to-Al ratio, and formation of Cr2O3, an outer layer grows on 

the Al2O3 layer, as a substitute oxide especially in γ-phase rich alloys of high Cr-to-Al 

ratio. Both oxides appear at the threshold of Cr2O3 formation, approximately at a Cr-to-Al 

ratio of 1.8, which significantly influences the oxidation resistance and path of O and N 

diffusion by distinct structures of oxide layer. 

⚫ The experimental Cr-to-Al ratio threshold for Al exclusive formation is lower than the 

theoretical value. This discrepancy is primarily due to the presence of β phase, which 

serves as an "Al reservoir" with an approximate atomic percentage of 35% Al. However, 
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maintaining of the exclusive Al2O3 layer can fail due to the extraction of Al during the early 

stage of oxidation, which significantly reduces the Al concentration and creates an Al 

depletion region beneath the Al2O3 layer. 

⚫ As the oxidation time increases, due to the Al depletion region formed by initial Al 

extraction, the atomic ratio of Al decreases, and the growth of exclusive Al2O3 layers 

cannot be maintained, indicating that the threshold of Cr-to-Al is reduced. Therefore, for 

the studied CoNiCrAl alloys, formation of Cr2O3 is favoured in long term and formation 

of Al2O3 is favoured in short term.  
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Chapter 6 Future work 

This thesis primarily focuses on the effects of Cr-to-Al ratio on the oxidation behaviour of 

CoNiCrAl alloys. A significant threshold of 1.8 for Cr-to-Al ratio was identified as a critical 

factor influencing the formation of Cr₂O₃ and AlN. However, this study has certain 

limitations: the proportions of Ni and Co were kept constant; heat treatment was assessed 

qualitatively rather than quantitatively; the focus was solely on microstructure evolution, 

without exploring the oxidation resistance and the mechanical strength due to sampling 

constraints and time limitations; and the composition of the CoNiCrAl alloy serves only as a 

simplified model of MCrAlY alloys for foundational mechanism exploration without any 

additives. 

Future research can be expanded on following topics in several ways: 

⚫ Effects of Al proportion: the effects of varying the Al content in low Al content CoNiCrAl 

alloys on the oxidation behaviour will be inspected. By keeping the relative proportions 

of Co, Ni, and Cr constant, the potential impact of Al can be explored further, especially 

since high Al content effects have already been studied [69]. This investigation may also 

reveal the roles of Co and Ni in influencing the Cr-to-Al ratio threshold for Cr₂O3 

formation. 

⚫ Pt addition studies: the effects of Pt additive on the oxidation behaviour of CoNiCrAl 

bond coat alloy will be examined. Previous studies suggest that addition of Pt can 

enhances cohesion of CoNiCrAl alloy and reduces oxidation rates when added as an extra 

separate bond coat layer, thereby limiting inner diffusion to the substrate [84]. A future 

work of direct addition of Pt as an alloying element to modify the microstructure of 
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CoNiCrAl alloy, enabling tracking of oxidation evolution and analysis of Pt's role in 

enhancing oxidation resistance. Subsequent investigations will include microstructure 

analysis, phase equilibria calculations, and evaluations of oxidation resistance to assess the 

effectiveness of Pt in the MCrAlY alloy system. 

⚫ Heat treatment studies: various heat treatment methods applied to the CoNiCrAl alloys 

prior to oxidation tests will be explored to determine their effects on phase homogeneity, 

transformation, and overall performance of MCrAlY alloys. This study will help assess 

whether heat treatment processes can be simplified or even omitted to reduce costs without 

compromising performance. 

⚫ Mechanical strength examination: mechanical tests will be conducted on the oxidised 

CoNiCrAl alloys to study if formation of extra Cr2O3 and AlN during the oxidation of 

high Cr content CoNiCrAl alloys can result in enhanced mechanical strength of 

CoNiCrAl alloys. This investigation will help to clarify the relationship between oxidation 

processes and mechanical properties. 
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