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Abstract 

Superalloys based on nickel are an intriguing class of materials that exhibit exceptional 

performance in a variety of challenging environments, including corrosive media, elevated 

temperatures, and high pressure. This group of alloys is one of the promising options for the 

petrochemical, aerospace, and aviation industries and the defense sector. However, in certain 

situations, the industry's needs are greater than the progress made in alloys and superalloys, 

necessitating further research into alternative methods of improving material properties. Recently, 

ceramics have been used to fabricate metal matrix composites (MMCs) by adding them as 

reinforcements to the metal/alloy matrix fusing the properties of both alloys and ceramics. Given 

that the properties obtained from the alloy MMCs are significantly enhanced, a new chapter in 

nickel-based superalloys is emerging. This review article provides a comprehensive understanding 

of the research findings on ceramic-reinforced nickel-based superalloy MMCs, as well as future 

research trends. 

Introduction 

Strong, hard, ductile, and having a high melting point, nickel is a metal that is widely 

distributed in the Earth's crust. It also functions well at elevated temperatures, even near its melting 

point [1],[2]. The alloy created, when nickel is combined with other metals has improved qualities 

which make it one of the key components for producing mechanical parts for high-temperature 

applications, including gas turbines, aero-engines, nuclear reactors, furnaces, and aerospace 

components, is nickel-based superalloy [3],[4]. The strengthening mechanisms of precipitation, 

dispersion, and solid solution hardening are responsible for the mechanical properties and 

microstructure evolution of those superalloys [5],[6]. These wonderful qualities proved 

insufficient for many applications of the modern era; more improved properties are required, and 

some issues with Ni-superalloys must be taken into consideration. The hardness and strength of 

Ni-based superalloys make them difficult to machine, and their high melting temperatures make 

their fabrication energy-intensive [7],[8],[9]. These two Ni-based superalloy problems indicate 

that these materials require modification to improve their refinement and overcome their 

shortcomings. Because of this necessity, researchers began to consider more than just enhancing a 

material's qualities by adding other metals. They also considered combining ceramics with metals 

and alloys to obtain advantageous properties, which led to the development of the idea of metal 

matrix composites (MMCs) [10]. The idea behind it is straightforward: to give the Ni-based 

superalloys—the matrix material in this case—more strength, ductility, and resistance to wear and 

corrosion, simple ceramics are added [11]. Using ceramics as reinforcement to the newly created 
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MMCs, scientists realized that the properties of those materials can be tailored to use for specific 

applications [12],[13]. 

Microstructure and Properties of Ni-based Superalloys 

Ni-based superalloys' superior thermomechanical qualities, such as creep resistance, 

combined with their high mechanical strength, good weldability, low thermal conductivity, work 

hardening tendencies, fatigue, oxidation, corrosion, excellent weldability, and high thermal 

stability, are some of the reasons they dominate many critical industries, including the automotive, 

aerospace, energy, chemical, and defense sectors [14],[15],[16],[17],[18]. The distinct 

microstructure of those superalloys, which usually consists of an intricate arrangement of phases 

and precipitates, is the cause of all those qualities and traits. There are two main phases– 𝛾 & 𝛾' 

[19]. The 𝛾 phase is a solid solution based on nickel with a face-centered cubic crystal structure 

and the precipitation of Ni3(Al, Ti) within the matrix is identified as the other phase 𝛾' [20]. 

Additionally, it was observed that the microstructure contained other phases, such as δ phase and 

some cohort of L12 precipitates, as well as extra phases of carbides, or MC carbides, at the grain 

boundaries [21],[22]. All these phases and precipitates contribute to the amazing properties and 

structural integrity. Shaping the microstructure and stabilizing it can be controlled through many 

ways such as the presence of nickel, aluminum, ruthenium, rhenium, and cobalt or some impurities 

like sulfur [23],[24],[25]. Another way is through thermomechanical processes such as hot forging 

[26] and heat treatment techniques [27].

Reinforcement Materials for Ni-based Superalloy MMCs 

Numerous ceramic reinforcement groups exist, including nitrides, oxides, carbides, and 

borides [28], [29]. Every one of these groups serves to improve a specific set of properties; 

occasionally, the matrix is reinforced with more than one ceramic reinforcement which is known 

as a hybrid reinforced MMC [30]. It is not just ceramics either; certain metals, such as boron, are 

occasionally employed as reinforcement [31]. Ceramics are used less frequently than metals, 

primarily as reinforcement for metal matrix composites, cutting tools, catalysts, and insulators 

[32]. Ceramics are preferred for use as reinforcement materials due to their strength, chemical 

stability, low coefficient of expansion, and hardness [33],[34]. Ceramics do have certain 

disadvantages as well, such as poor ductility and fracture toughness [35]. 

Oxides are used to improve the MMC’s hardness, wear and corrosion resistance, oxidation 

prevention, and thermal stability [36],[37]. In certain instances, oxide like Al2O3 is used to stop 

SiC from diffusing into the nickel matrix [38]. When it comes to reinforced nickel-chromium 

alloys, Al2O3 and TiO2 are used to improve their wear resistance, thermal conductivity, and 

significantly lower their coefficient of thermal expansion as shown in Figures 1(a-b) [39]. An 

additional noteworthy instance involved the reinforcement of nickel and nickel-cobalt alloys using 

zirconia (ZrO2). Microhardness, corrosion resistance, and wear resistance of the resulting 

composites were improved as observed in Figure 1(c) [40]. The ductility and strength of the 

composites were found to have significantly improved in another instance where the same 

reinforcement was used in conjunction with nickel [41]. 



1917 

Figure 1. (a) Improved wear rate under different forces and (b) enhancement of thermal 

conductivity when reinforcing the nickel-chromium alloy with Al2O3 and TiO2 [39]. (c) 

Improvement of micro hardness when reinforcing the nickel-cobalt alloy with zirconia [40]. 

Nitrides have a lubricating mechanism that increases surface slipperiness and improves 

anti-friction qualities, which helps lessen composite wear. Additionally, it improves the mechanical 

characteristics, such as oxidation kinetics and creep resistance, which help the MMCs function 

well at elevated temperatures [42],[43],[44]. When nickel-copper is reinforced with cubic boron 

nitride (c-BN), the resulting composite demonstrates enhanced magnetic and hardness 

characteristics as Figures 2(a-b) illustrate, decreased density, and increased electrical resistivity 

[45]. In a different instance, the composite that was produced after Inconel 718 was reinforced 

with hexagonal boron nitride (h-BN) demonstrated a decrease in hardness and compressive 

strength while lowering the coefficient of friction as Figures 2(c-d) show, as a result of the sliding 

lubricating effects based upon the exfoliating effect of boron nitride. This increased the 

composite’s wear resistance [46]. 

(a) (b) 

Figure 2. (a) Increase in hardness associated with the increase in c-BN content in nickel-copper 

alloy and (b) improvement of the magnetization of the composite with the increase in the c-BN 

content in nickel-copper alloy [45]. When reinforcing Inconel 718 with h-BN, hardness and 

compressive strength decrease (c) while lowering the coefficient of friction (d) [46]. 

(a) (b) (c) 

(c) (d) 
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(a) 
(b) 

(c) 

Carbides are one of the most popular and well-developed type of reinforcement. Hardness, 

ductility, strength, creep resistance, corrosion resistance, wear resistance, and fatigue resistance 

are all improved by adding carbides to the MMCs [47], [48], [49]. The interesting example of using 

TiC to reinforce GTD222 revealed that while the elongation decreased by 5%, the composite 

characteristics showed significant improvements in strength [50] as observed in Figure 3(a). In an 

additional instance of using WC to reinforce a nickel-based matrix, it was observed that the 

resulting composites exhibited improved hardness, tensile strength, and wear resistance as shown 

in Figures 3(b-c) because the stiff carbide particles improved the composite's ability to share loads 

[51][52][53]. 

Figure 3. (a) Strength increases while ductility decreases in GTD222-TiC composite compared to 

the pure alloy [50]. (b) Hardness as well as (c) wear resistance increases after adding WC to 

nickel based composites [51][52][53]. 

Borides ceramic group is one of the least studied reinforcement groups. Along with having 

a lower density, improving performance at elevated temperatures, and increasing strength and 

hardness, this group tends to improve the mechanical properties of MMCs in the same way as most 

ceramic groups do [54], [55], [56], [57]. The use of borides to reinforce MMC is rare; one example 

is ZrB2 reinforced Inconel 718. In comparison to the original alloy, the resulting high-temperature 

performance was improved, achieving 10% elongation, and the yield strength was increased by 

10% to 15% as shown in Figure 4(a). The reduction in grain size can explain these improvements 

[58]. In a different instance, the hardness of fabricated composite increased by 50%–28% at the 

yield strength sacrificing the ductility as shown in Figure 4(b-c) when TiB2 was used to reinforce 

Hastelloy X. Additionally, the inclusion of TiB2 aids in the reduction of microcracks, improving 

performance at elevated temperatures [59]. 

(c) 

Figure 4. (a) Enhancement of high temperature performance of Inconel 718 reinforced with ZrB2 

[58] and (b & c) reinforcing hastelloy with TiB2 increses strength and reduces ductility [59].

(a) 

i 

(b) 
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Fabrication Techniques for Ni-based Superalloy MMCs 

There are many different MMC fabrication methods [60], so it is important to pick one 

carefully. There are no suggested methods for creating MMCs, as traditional techniques, such as 

stir casting, are economic and quick [61], [62] but challenging when it comes to the quality of the 

MMC because of many reasons such as porosity and agglomeration [63]. While laser powder bed 

fusion and other additive manufacturing techniques are precise when it comes to complex 

geometries [64], [65], their fabrication takes a long time and require post process treatment to 

achieve the desired properties [66], [67]. For a variety of reasons, including the rate of cooling and 

solidification among the others, the fabrication processes also modify the properties of composites 

[68], [69], [70]. For this reason, great care must be taken when selecting a fabrication technique. 

The fabrication methods can be classified as either liquid-state fabrication or solid-state 

fabrication. 

Solid-state fabrication methods of MMCs: 

Powder metallurgy can be used to produce a range of metal and composite materials. It is 

a manufacturing technique that uses metal powders either by themselves or in conjunction with 

non-metallic powders [71]. The mixing, pressing, sintering, shaping, and oil immersion processes 

combine to create the final product as shown in Figure 5 [72]. Because it provides a uniform 

microstructure for the composites and allows for control over process variables like temperature 

and reinforcement distribution [73], [74], this method is frequently used to create MMCs. Several 

examples of the application of powder metallurgy include the investigation of the mechanical 

characteristics of composites, such as nickel-graphene, and the impact of temperature changes 

during sintering [75]. Additionally, solid lubricants have been used as a second phase to develop 

self-lubricating nickel composites [76]. 

Figure 5. Powder metallurgy process of MMCs [77]. 
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Laser powder bed fusion (LPBF) is an innovative additive manufacturing technique to 

fabricate 3D parts and structures. It relies on the selective laser melting of a thin layer of powder 

that has been spread out to take on the required shape on a building platform as shown in Figure 

6. Another layer of powder is applied after the melted layer has solidified. Until the intended 3D

shape is obtained, these steps are repeated [78], [79]. This process has numerous industrial

applications in a variety of industries, including aerospace, defense, medical, and automotive [80].

The advantages of LPBF include its ability to fabricate intricate shapes with high-quality surfaces

[81], low waste of row material due to the reusable nature of the powder after sieving [82], degree

of customization [83], [84], and robust bonding between layers [82]. LPBF is used to fabricate

advanced composites. For example, a study of LPBF of Ni-Ti coated diamond/N6 was conducted

to examine the outcome of Ni-Ti incorporation with diamond and the microstructure behavior of

the resulting composite material [85]. Another study of Haynes 230 reinforced with carbon

nanotube (CNT) was conducted to examine the mechanical properties change with varying

percentages of CNT (2.5% & 5%) [86].

Figure 6. Laser powder bed fusion (LPBF) process [87] 

Liquid state fabrication methods of MMCs: 

Stir casting, which involves adding the reinforcement phase to the molten metal and 

mechanically stirring the mixture using the set up as shown in Figure 7(a), is one of the most 

popular methods for creating MMCs [88], [89], [90]. Stir casting is used in many industries, 

including the research and development of materials, the automotive, aerospace, and defense 

sectors [91], [92], [93]. Stir casting has many benefits, including mass production due to its 

scalability and efficiency, near-net shape products that require less machining, a simple method 

that requires few complications, decent bonding between the reinforcement and matrix for 

enhanced properties, a faster manufacturing rate than solid-state fabrication methods, and cost- 

effectiveness, which accounts for its widespread adoption [94], [95], [96], [97], [98]. A few 

intriguing cases have been reported involving the stir casting of MMCs. One such case involves 

examining how chills impact the mechanical properties and microstructure of an ASTM A 494 M 

grade nickel alloy reinforced with SiO2 MMC. The goal of this study is to find out if nickel based 

MMC can be produced using a traditional electric induction furnace and how adding chills to the 
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mixture affects both the mechanical and microstructure properties [99]. Another study examined 

the use of TiO2 for Ni-Cu alloy reinforcement to investigate the impact of this material on the 

microstructure, thermal conductivity, and coefficient of thermal expansion [100]. 

(b) 

Figure 7. shows the (a) stir casting setup, (b) squeeze casting setup [101] 

Squeeze casting is an MMC manufacturing technique that applies the concepts of gravity 

and pressurized casting by pouring melted metal into a preheated die as shown in Figure 7(b). 

Once the proper mixture volume is reached, pressure is gradually increased using a ram, and it is 

kept there until the mixture solidifies in a closed die. Pressure reduces shrinkage and micro- 

shrinkage porosity while facilitating the metal flow throughout the solidifying casting [102], [103], 

[104]. This type of casting has many advantages, including the ability to cast complex shapes and, 

similar to other casting techniques, the cost-effectiveness, high density, and quality of the products, 

as well as the vital role that pressure plays in enhancing the microstructure and producing good 

mechanical properties. It is also well-suited for mass production [105], [106], [107], [108], [109]. 

Many industries use squeeze casting such as automotive, defense, aerospace industries, and 

research and development [93], [105], [110], [111], [112]. Several intriguing studies have been 

conducted on squeeze casting, including one that tested the viability of creating Ni-Cr composite 

reinforced with Al2O3 by high temperature squeeze casting (HTSC), as well as the impact of the 

increase in temperature on the mechanical properties and microstructure [113]. Another instance 

involved the same materials but to study the creep behavior of the interpenetrated Ni-Cr/Alumina 

composites [114]. 

Applications 

The improved properties of nickel-based metal matrix composites made it possible for the 

nickel MMC to compete with the well-known nickel-based superalloys as a response to the 

continuous need for more advanced materials with superior properties. Because of their high 

thermal strength and creep resistance, nickel MMCs are used in most parts found in industrial gas 

turbine engines, aviation, aerospace, and naval ships that are subjected to extreme heat [115], 

[116], [117], [118]. Due to their ability to withstand wear and their self-lubricating mechanisms 

resulting from the addition of reinforcement to the matrix material, bearings made of these 

materials are also frequently used in other industries [115], [119], [120], [121]. Additionally, 

nickel MMCs are perfect for use in pumps, pipe coatings, cutting tools, valves, automotive, 

(a) 
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electric, petrochemical, and electronic industries due to their high strength, toughness, resistance 

to corrosion, and high thermal and electrical conductivity [122], [123], [124]. 

Future Trends 

Nickel-based metal matrix composites present many opportunities to improve mechanical, 

tribological, and corrosion-resistant characteristics in many industrial applications. Adding various 

reinforcements, like carbon nanotubes, graphene nanosheets, and titanium carbide, has improved 

the overall performance of nickel-based composites in a promising way. Because of their special 

blend of metallic and ceramic qualities, these materials are being investigated and found to be 

useful in a variety of industries, including aerospace, automotive, electronics, and defense. Further 

novel approaches to improving the characteristics of metal matrix composites based on nickel are 

being investigated by research and development in this field, opening new possibilities for 

materials science and engineering. A multidisciplinary strategy that incorporates materials science, 

chemistry, physics, engineering, and artificial intelligence will define the future directions in 

nickel-based metal matrix composites research. A dynamic and inventive environment is indicated 

in the field by the continuous investigation of novel materials, improved composite coatings, 

sustainable methods, and advanced composite materials like nickel-graphene nanocomposites. The 

development of high-performance materials for various industrial applications is expected to 

witness notable progress due to these trends, which will also influence the direction of future 

research on nickel-based alloys and metal matrix composites. 

Conclusion 

This review article has thoroughly investigated the field of nickel-based superalloy MMCs 

reinforced with ceramics. It has brought attention to the drawbacks of conventional nickel-based 

superalloys and the ways in which MMCs can be used to overcome them. This paper has examined 

the microstructural characteristics and traits of these composites, highlighting the impact of 

different elements such as the kind of reinforcement, processing methods, and resulting material 

properties. 

Key takeaways from this review include: 

• Superalloys based on nickel have great strength, thermal stability, and resistance to creep

and corrosion, making them extremely effective in harsh environments.

• Still, more developments in these materials are required to meet the demands of

contemporary applications.

• Ceramic reinforcements added to nickel-based superalloy MMCs offer a path toward

improved properties.

• The MMCs’ mechanical properties, thermal stability, and microstructure are all impacted

by the choice of processing methods and reinforcement materials.

The potential of nickel-based superalloy MMCs is acknowledged in the present article, with 

particular attention to industries that require high-performance materials for harsh environments. 

It highlights the necessity of additional study to completely realize these composites’ potential, 

enhance their characteristics for particular uses, and develop new MMCs. 
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