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Abstract: This study investigates the fabrication and characterization of large-sized ceramic-

reinforced TWIP (Twinning-Induced Plasticity) steel matrix composites using the lost foam casting 

technique. Various ceramic shapes and sizes, including blocky, flaky, rod-like, and granular forms, 

were evaluated for their suitability as reinforcement materials. The study found that rod-like and 

granular ceramics exhibited superior structural integrity and formed strong interfacial bonds with 

the TWIP steel matrix, compared to blocky and flaky ceramics, which suffered from cracking and 

fragmentation. Detailed microstructural analysis using scanning electron microscopy (SEM) and 

industrial computerized tomography (CT) revealed the mechanisms influencing the composite 

formation. The results demonstrated that rod-like and granular ceramics are optimal for reinforcing 

TWIP steel composites, providing excellent mechanical stability and enhanced performance. This 

work contributes to the development of advanced composite materials with potential applications 

in industries requiring high-strength and durable materials. 
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1. Introduction 

In response to the evolving demands of modern industries driven by societal progress and 

technological advancements, material requirements have become increasingly stringent [1,2]. 

Materials are now expected to exhibit not only high strength and hardness but also significant 

toughness and plasticity. As a result, traditional single-material systems are increasingly inadequate 

to meet these comprehensive demands. This has spurred urgent research and development into 

materials that combine superior mechanical properties with exceptional performance[3]. Steel, a 

traditional metal with a diverse range of types and properties, offers substantial opportunities for 

designing and applying metal matrix composites (MMCs)[4–7]. Its versatility makes steel an ideal 

matrix material for ceramic-reinforced metal matrix composites (CMMCs), a field that has garnered 

considerable research interest both domestically and internationally[8–10]. 

Historical research on steel-based composites has primarily concentrated on carbide-reinforced 

and boride-reinforced systems [11,12]. A significant focus has been on the in-situ self-generation 

techniques for fabricating ceramic-reinforced steel matrix composites [13]. These methods aim to 

incorporate high-hardness particles to produce composites with enhanced overall strength and 

stiffness. This approach leverages the inherent mechanical advantages of ceramics while capitalizing 

on the toughness and workability of steel, providing a promising pathway for advanced material 

applications in demanding environments [14,15]. 
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Increasing the content of ceramic reinforcements is a key strategy to improve the hardness and 

wear resistance of steel matrix composites. However, the reinforcement phase cannot be increased 

indefinitely due to constraints imposed by fabrication techniques and material compatibility. Some 

scholars have employed the hot isostatic pressing (HIP) method to produce TiC-reinforced 

composites. By incorporating SiC into a stainless steel matrix, they have created composites suitable 

for high-performance applications such as valve seats and mechanical seals [16]. These materials, 

when subjected to oil or inert gas quenching, achieve hardness levels exceeding HRC65 and exhibit 

excellent transverse rupture strength. This makes them suitable for tools and components that must 

withstand high bending and tensile stresses, while also offering superior machinability and thermal 

shock resistance. Similarly, using the powder metallurgy method, scholars have prepared metal 

matrix composites with ceramic content exceeding 20%. These composites are embedded in high-

alloy steel to fabricate molds, which have demonstrated a lifespan 5-10 times longer than molds made 

from ledeburitic chromium steel [17]. This remarkable durability underscores the benefits of 

incorporating high-volume ceramic reinforcements. Many findings reveal that the TiC-steel 

combination offers the best interfacial bonding among various reinforcements [18]. While the 

addition of ceramic reinforcements significantly improves wear resistance, it also reduces tensile 

strength, ductility, and impact toughness. These observations highlight the inherent trade-offs 

involved in optimizing the composition and microstructure of advanced composites to meet specific 

application requirements. 

Various fabrication methods for ceramic-reinforced steel matrix composites have been explored, 

including spray deposition, powder metallurgy, in-situ reaction, and casting techniques [19]. Each 

method presents distinct advantages and challenges. Spray deposition allows for precise control over 

the reinforcement volume fraction and maintains good interfacial stability between the reinforcement 

and matrix. However, its high production costs, complex processes, and the need for specialized 

equipment limit its large-scale application. Powder metallurgy can produce composites with strong 

matrix-reinforcement bonding but involves complex equipment and processes, resulting in high 

production costs. Additionally, the tendency for reinforcement particles to agglomerate can lead to 

non-uniform material properties. 

The in-situ reaction method is advantageous due to its simplicity and cost-effectiveness, 

producing a clean interface with strong bonding between the reinforcement and matrix. However, 

this method is constrained by a lengthy processing cycle and a limited range of possible 

reinforcement systems, making it difficult to produce composites with large reinforcement particles 

[20]. Casting techniques, while not ideal for composites with small, high-volume fraction ceramic 

reinforcements due to challenges in achieving uniform distribution, remain a practical choice for 

industrial-scale production. Casting is favored for its simplicity, low cost, and widespread 

applicability, particularly for composites with moderate to low reinforcement content [21,22]. 

To address the challenges of brittleness and low ductility in steel matrix composites, employing 

steels with excellent plastic deformation capabilities as the matrix material is a viable strategy. 

Twinning Induced Plasticity (TWIP) steel, a newly developed material, offers a remarkable 

combination of high strength and ductility [23,24]. Composed primarily of Fe with 15-30% Mn, TWIP 

steel features a stable austenitic structure. Under applied external loads, TWIP steel undergoes a 

mechanical twinning mechanism induced by strain, resulting in significant uniform elongation 

without necking. This unique behavior imparts exceptional mechanical properties, including 

elongation rates ranging from 30% to 95% and tensile strengths of 600 to 1924 MPa [25,26]. 

Furthermore, TWIP steel’s ability to absorb impact energy exceeds that of conventional high-strength 

steels by more than twice, making it an ideal matrix material to mitigate the brittleness of ceramic 

reinforcements. 

Incorporating large-scale ceramic elements, such as rods, plates, or blocks, can further enhance 

the ceramic reinforcement content. These larger ceramic reinforcements possess extremely high 

strength and hardness. Combining TWIP steel as the matrix with such centimeter-scale ceramic 

reinforcements is anticipated to result in composites exhibiting a synergistic combination of 

properties: the high hardness and strength of the ceramics coupled with the high ductility and 
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toughness of the TWIP steel matrix [27,28]. This innovative composite structure could represent a 

significant advancement in the field of metal matrix composites, offering a unique blend of superior 

mechanical characteristics. 

Based on these insights, this study aims to investigate the feasibility of fabricating large-sized 

ceramic-reinforced TWIP steel matrix composites using conventional liquid casting techniques. The 

research will assess the influence of various ceramic reinforcement shapes and sizes on the 

composite’s overall properties and structural integrity. By analyzing the impact of different 

reinforcement geometries, the study seeks to provide valuable technical support and empirical data 

for the design and development of novel ceramic particle-reinforced steel matrix composites. This 

research endeavors to bridge gaps in current materials science and demonstrate that traditional 

casting methods can be effectively adapted to produce advanced composites with enhanced 

mechanical properties, thereby contributing to the broader field of metal matrix composites. 

2. Experimental Materials and Methods 

2.1. Preparation of Experimental Materials 

To investigate the feasibility of fabricating large-sized ceramic-reinforced TWIP steel matrix 

composites using liquid casting techniques, this study selected four types of ceramic reinforcements: 

block, particulate, plate, and rod shapes. The specific dimensions of these ceramic reinforcements are 

detailed in Table 1. The chosen ceramics were selected for their diverse geometries and sizes, allowing 

a comprehensive assessment of their effects on the composite’s properties. 

Table 1. Types and Sizes of Ceramic Reinforcements. 

Type of Ceramic Reinforcement Dimensions (mm) 

Block-shaped Ceramic 115×40×25 

Particulate Ceramic φ10×10 

Plate-shaped Ceramic 5×40×40 

Rod-shaped Ceramic φ5×95 

For the matrix material, a high-toughness TWIP steel was designed with a composition 

optimized for enhancing the composite’s mechanical performance. The chemical composition of the 

TWIP steel matrix, as presented in Table 2, includes carbon (C), silicon (Si), and manganese (Mn) as 

the primary alloying elements, with strict control of sulfur (S) and phosphorus (P) impurities to 

maintain high material purity and prevent deleterious effects on mechanical properties. The high 

manganese content is particularly crucial for stabilizing the austenitic phase and promoting the 

twinning-induced plasticity effect, which is central to achieving the desired combination of high 

strength and ductility in the composite material. 

Table 2. Chemical Composition of TWIP Steel Matrix (wt%). 

C Si Mn S P 

0.6 0.2 19 <0.002 <0.002 

The TWIP steel matrix was specifically designed to leverage the mechanical twinning 

mechanism under strain, a characteristic that imparts excellent ductility and high strain hardening 

rates. This is essential for counterbalancing the brittleness typically associated with ceramic 

reinforcements, thereby achieving a composite with an optimal balance of hardness, strength, and 

toughness. The low levels of sulfur and phosphorus are critical to preventing the formation of brittle 

phases that could compromise the composite’s performance, especially under dynamic loading 

conditions. 
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By utilizing these materials and carefully controlling their compositions and dimensions, this 

study aims to explore the interaction between the TWIP steel matrix and the ceramic reinforcements. 

The goal is to develop a composite material that not only exhibits the superior hardness and wear 

resistance characteristic of ceramics but also maintains the high ductility and toughness of TWIP steel. 

This combination is expected to open new avenues for the application of these composites in 

demanding industrial environments where both high mechanical performance and durability are 

required. 

2.2. Preparation of Casting Molds 

In this study, the lost foam casting process was employed to fabricate large-sized ceramic-

reinforced TWIP steel matrix composites. The procedure involved several key steps to ensure the 

successful integration of ceramic reinforcements within the TWIP steel matrix. 

The process began with cutting a foam block into the desired shape, corresponding to the TWIP 

steel matrix model, serving as a placeholder for the subsequent metal casting. Ceramic 

reinforcements of various geometries—blocks, particles, plates, and rods—were strategically 

positioned and bonded with the foam pattern, ensuring correct alignment and intended positions in 

the final composite structure. The foam pattern, now combined with the ceramic reinforcements, was 

coated with a refractory material to prevent the molten metal from reacting with the foam, maintain 

the mold shape during casting, and enhance the surface finish of the final product. This coating was 

dried at 45°C, a process repeated 2-3 times to achieve sufficient thickness and strength. The fully 

coated and dried foam pattern was then embedded in a casting sand box, forming the final mold for 

the casting process. The sand box provided structural support during the casting and helped 

maintain the shape of the composite. 

The overall process is illustrated in Figure 1, depicting the sequential steps involved in preparing 

the large-sized ceramic-reinforced TWIP steel matrix composite. 

 

Figure 1. Schematic of the Fabrication Process for Large-Sized Ceramic-Reinforced TWIP Steel Matrix 

Composites. 

The raw materials used for melting the TWIP steel matrix included pure iron, medium carbon 

ferromanganese, and Q235 steel. The chemical composition of these materials is detailed in Table 3. 
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Table 3. Chemical Composition of Raw Materials for TWIP Steel (wt%). 

Material C Si Mn S P Fe 

Pure Iron 0.01 0.06 0.2 0.012 0.015 Balance 

Medium Carbon 

Ferromanganese 

1.7 1.44 75 ≤0.0046 ≤0.137 Balance 

Q235 Steel 0.2~0.3 0.1~0.2 0.17 ≤0.04 ≤0.04 Balance 

The TWIP steel matrix material was melted using a 100 kg medium-frequency induction furnace. 

The lost foam casting process was conducted under vacuum conditions to improve the metal’s filling 

ability, ensuring a dense and homogeneous microstructure in the resulting composite material. 

During the melting process, pure iron and Q235 steel were first fully melted, followed by the addition 

of medium carbon ferromanganese. This sequence ensures that the ferromanganese melts completely 

and integrates well into the steel matrix. A covering agent was added after the complete melting of 

the ferromanganese to prevent oxidation and loss of manganese. The melt was then held at 

temperature for 10 minutes before casting, ensuring the molten metal was homogenized. The pouring 

temperature was carefully controlled, with the molten metal being poured at a temperature no lower 

than 1540°C to guarantee optimal flow and filling characteristics. This meticulous preparation of the 

casting molds and careful control of the casting process parameters were essential for producing 

high-quality composites with uniform distribution of ceramic reinforcements, achieving the desired 

balance of mechanical properties. 

2.3. Analysis of Composite Effects 

To evaluate the effectiveness of the composite fabrication and assess the quality of the resulting 

large-sized ceramic-reinforced TWIP steel matrix composites, a high-performance industrial 

computed tomography (CT) system supplied by Granpect Company Limited (Beijing, China) was 

employed. This non-destructive testing method provided detailed tomographic images of the 

composite samples, allowing for an in-depth analysis of the integration between the ceramic 

reinforcements and the TWIP steel matrix. It also facilitated the identification of any defects formed 

during the composite preparation process, such as voids, cracks, or improper bonding. 

The setup involved positioning the X-ray source and detector at precise distances from the 

sample: the source was 2.75 meters away, while the detector was positioned 3.4 meters from the 

source. This configuration optimized the resolution and accuracy of the CT imaging, ensuring that 

even subtle details in the composite structure could be captured and analyzed. The experimental 

setup is illustrated in Figure 2. 

  
(a) CT Scanning Room  (b) Control Console 
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Figure 2. Industrial CT System for Non-Destructive Testing. 

For further microstructural analysis, the composite samples were subjected to mechanical 

processing and wire-cutting to prepare specimens for scanning electron microscopy. A Scanning 

Electron Microscopy (SEM) analysis was performed using a JEOL JSM-7800F microscope (Akishima, 

Japan), offering high-resolution imaging of the composite’s microstructure with a specific emphasis 

on the interface between the large-sized ceramic reinforcements and the TWIP steel matrix. This 

analysis was crucial for understanding the bonding characteristics at the microscopic level, including 

the integrity and continuity of the interface, the presence of any interfacial phases, and the overall 

distribution of the reinforcement within the matrix. 

The combination of CT imaging and SEM analysis provided a comprehensive understanding of 

the composite’s internal structure and the quality of the ceramic-matrix bonding. The insights gained 

from these observations contribute to optimizing the fabrication process, ensuring the production of 

high-performance composites with minimal defects and superior structural integrity. 

3. Results and Discussion 

3.1. Fabrication of Ceramic-Reinforced TWIP Steel Matrix Composites 

To determine the optimal size and shape of ceramic reinforcements for TWIP steel matrix 

composites, we utilized various configurations: large block ceramics (115×40×25 mm), thin plate 

ceramics with significant sectional differences (40×40×5 mm), uniformly cross-sectioned rod ceramics 

(φ5×95 mm), and spherical ceramic particles (φ10×10 mm). The fabrication process employed a lost 

foam casting technique, with foam patterns used as the mold for the liquid steel. This method 

successfully produced large-sized ceramic-reinforced TWIP steel matrix composites, with samples 

shown in Figure 3. 

  

Figure 3. Fabricated Large-Sized Ceramic-Reinforced TWIP Steel Matrix Composite Samples. 

To analyze the effectiveness of the bonding between different ceramic shapes and the TWIP steel 

matrix, industrial CT was employed for non-destructive testing. The results for plate and block 

ceramics are illustrated in Figure 4. 

Figure 4 presents the industrial CT scan results in different orientations. It is evident that large 

block ceramics (115×40×25 mm) and thin plate ceramics (40×40×5 mm) experienced significant 

cracking during casting. These cracks compromised the integrity of the ceramic reinforcements, as 

seen in Figures 4a and 4b, rendering them ineffective in strengthening the matrix. The fragmented 

ceramics not only failed to enhance the matrix but also potentially degraded its properties. 

Furthermore, as shown in Figure 4c, substantial voids formed at the interface between the large 

ceramics and the matrix during the casting process, preventing a strong bond. This suggests that 

large block and thin plate ceramics are prone to cracking and porosity formation during the 

composite fabrication process, making them unsuitable as reinforcements for large-sized TWIP steel 

matrix composites. 
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(a) Plate Ceramic (40×40×5 mm) Composite  (b) Plate Ceramic (40×40×5 mm) Composite 

  
(c) Block Ceramic (115×40×25 mm) Composite  (d) Block Ceramic (115×40×25 mm) Composite 

Figure 4. Industrial CT Results for Plate and Block Ceramic-Reinforced TWIP Steel Matrix 

Composites. 

In contrast, the results for rod ceramics (φ5×95 mm) and ceramic particles (φ10×10 mm) are 

shown in Figure 5. 
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(a) Rod Ceramic (φ5×95 mm) Composite  (b) Particle Ceramic (φ10×10 mm) Composite 

Figure 5. Industrial CT Results for Rod and Particle Ceramic-Reinforced TWIP Steel Matrix 

Composites. 

Figure 5 demonstrates that when uniformly cross-sectioned rod ceramics (φ5×95 mm) and 

ceramic particles (φ10×10 mm) were used, no visible cracks or fragmentation occurred. The ceramic 

reinforcements maintained their integrity, and there was a good bonding between the ceramics and 

the TWIP steel matrix. The interface quality was significantly better compared to that of block and 

plate ceramics. This indicates that rod and particle ceramics, with their symmetrical cross-sections, 

can form a strong and cohesive bond with the TWIP steel matrix, making them suitable for the 

fabrication of large-sized ceramic-reinforced TWIP steel matrix composites. 

These observations underline the importance of selecting appropriately shaped and sized 

ceramic reinforcements to ensure the structural integrity and mechanical performance of the resulting 

composites. The study confirms that rod and particle ceramics are optimal for achieving a robust 

composite with TWIP steel, offering a promising approach for advanced material applications 

requiring a balance of strength and toughness. 

3.2. Interfacial Morphology Analysis of Large-Sized Ceramic-Reinforced TWIP Steel Matrix Composites 

To investigate the interfacial bonding and microstructural characteristics of the ceramic particles 

with the TWIP steel matrix, samples of φ10×10 mm ceramic particle-reinforced TWIP steel composites 

were sectioned and examined using scanning electron microscopy (SEM). The results are shown in 

Figure 6. 

 
(a) Macroscopic Interfacial Bonding 

  
(b) Secondary Electron SEM Morphology  (c) Backscattered Electron SEM Morphology 
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Figure 6. Microstructural Observations at the Interface of Large-Sized Ceramics and TWIP Steel 

Matrix. 

In Figure 6a, the macroscopic observation reveals that the ceramic particles are tightly embedded 

in the surrounding TWIP matrix, indicating a robust macroscopic bond. The SEM images further 

support this observation. As seen in Figure 6b, the secondary electron SEM morphology shows a 

well-defined and intimate bonding between the ceramic reinforcement and the TWIP steel matrix at 

the microscopic level. The tight integration of the ceramics with the metal matrix suggests a strong 

interfacial bond, essential for effective load transfer and composite performance. Notably, the cracks 

observed in the right side of the ceramic particle in Figure 6b are attributed to the sample preparation 

process and not the casting process, indicating the robustness of the interface under the actual 

manufacturing conditions. The backscattered electron SEM morphology in Figure 6c provides 

additional insight into the compositional differences at the interface. This image clearly delineates 

the ceramic particles and the TWIP steel matrix, showing a distinct interface region where the two 

phases interact. 

To further understand the compositional characteristics at the interface, elemental line scans 

were performed across the ceramic and matrix phases. The results are presented in Figure 7. 

 
 

(a) SEM Microstructure of Interface  (b) Si Distribution at the Interface 

  
(c) Fe Distribution at the Interface  (d) C Distribution at the Interface 

Figure 7. Elemental Line Distribution at the Ceramic and TWIP Steel Matrix Interface. 

The elemental line scans in Figure 7 reveal a distinct transition zone where the ceramic particles 

and the TWIP steel matrix meet. The distributions of Fe, C, and Si across the interface indicate some 

degree of elemental diffusion, suggesting the formation of a transitional layer. This diffusion can 

enhance the interfacial bonding strength and contribute to a smoother stress transfer between the 

ceramic and metallic phases. The presence of a transitional layer, characterized by gradual changes 

in elemental composition, further confirms the good microstructural compatibility and bonding at 

the interface. 
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The SEM and elemental analysis indicate that the φ10×10 mm ceramic particles form a strong 

and cohesive interface with the TWIP steel matrix. This is crucial for achieving the desired mechanical 

properties in the composite, such as improved strength and toughness. The study demonstrates that 

the selected ceramic particles can effectively reinforce the TWIP steel matrix, making them suitable 

for applications requiring advanced material performance. 

3.3. Analysis of the Composite Process for Large-Sized Ceramics with TWIP Matrix 

The analysis of the composite process indicates that ceramics with more uniform cross-sectional 

dimensions, such as rod-shaped and spherical ceramics, are more suitable as reinforcement materials 

for TWIP steel matrix composites. In contrast, large block-shaped and plate-like ceramics, which 

exhibit significant differences in cross-sectional dimensions, are prone to fragmentation and cracking, 

hindering their effective integration with the TWIP steel matrix. This behavior is closely related to 

the casting performance of the matrix and the stress state of the ceramic reinforcement during the 

casting process. 

One critical factor affecting the composite process is the temperature gradient between the 

molten steel and the ceramic reinforcement. When molten steel comes into contact with the ceramic, 

a significant temperature drop occurs due to the high thermal conductivity of the ceramics. This 

temperature change can significantly influence the formation and quality of the composite material. 

For smaller-sized ceramics, such as φ10×10 mm cylindrical ceramics and φ5×95 mm rod-shaped 

ceramics, the molten steel’s temperature drop is relatively small upon contact. The subsequent heat 

transfer from the molten steel maintains sufficient fluidity and feeding capacity, ensuring a good 

bond between the ceramic and the matrix material. In contrast, larger ceramics experience a rapid 

temperature drop upon contact with the molten steel, leading to localized solidification. Despite 

subsequent heat conduction from the molten steel, the rapid temperature decrease impedes the 

fluidity and feeding of the molten steel, making defect formation more likely. Therefore, from the 

perspective of the effect of ceramics on the molten steel’s fluidity and feeding capacity, smaller-sized 

ceramics such as φ10×10 mm cylindrical and φ5×95 mm rod-shaped ceramics are the optimal choices. 

During the casting process, ceramic reinforcements are subjected to various stresses, including 

thermal stress, shrinkage stress from the molten steel, and internal stress. The magnitude of these 

stresses depends on the ceramic’s surface area. Ceramics with larger differences in cross-sectional 

dimensions experience uneven force distribution, increasing the likelihood of cracking under 

unbalanced external forces. When the ceramic reinforcements are φ5×95 mm rods or φ10×10 mm 

cylinders, the uniformity in cross-sectional shape ensures that the molten metal almost instantly and 

uniformly envelops the ceramic particles during pouring. Consequently, the ceramics experience 

uniform stress, preventing crack formation and maintaining the integrity of the ceramic 

reinforcement. 

In essence, the findings underscore the critical importance of selecting ceramic reinforcement 

materials with uniform cross-sectional dimensions to achieve a stable and defect-free composite 

process. The φ10×10 mm cylindrical and φ5×95 mm rod-shaped ceramics demonstrate superior 

compatibility with the TWIP steel matrix, making them ideal candidates for the production of large-

sized ceramic-reinforced TWIP steel matrix composites. This selection not only ensures good 

interfacial bonding but also minimizes the risk of defects, thereby enhancing the composite material’s 

overall mechanical properties. 

4. Conclusion 

In this study, we have successfully demonstrated the feasibility of producing large-sized 

ceramic-reinforced TWIP steel matrix composites using the lost foam casting technique. The research 

investigated various ceramic shapes and sizes, including blocky, flaky, rod-like, and granular forms, 

to determine their suitability as reinforcement materials. Key findings and insights from this study 

are as follows: 

1. It was observed that blocky (115×40×25 mm) and flaky (40×40×5 mm) ceramic reinforcements 

experienced significant cracking and fragmentation during the casting process. These defects 
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compromised the integrity of the composite and diminished the reinforcement’s effectiveness. In 

contrast, rod-like (φ5×95 mm) and granular (φ10×10 mm) ceramics demonstrated superior 

compatibility with the TWIP steel matrix. They maintained their structural integrity, resulting in a 

robust and cohesive composite material. 

2. The SEM and CT analyses revealed that rod-like and granular ceramics formed favorable 

interfacial bonding with the TWIP matrix. The microstructural examination indicated that the 

ceramic particles were well-embedded within the matrix, with minimal interfacial defects. 

3. Smaller, more uniformly shaped ceramics, such as rods and granules, allowed for better heat 

dissipation and reduced thermal stress. This led to fewer defects and better overall material 

properties. The findings underscore the importance of controlling ceramic size and shape to minimize 

thermal and mechanical stresses during casting. 

4. Based on the comprehensive analysis, rod-like and granular ceramics emerged as the optimal 

choices for reinforcing large-sized TWIP steel matrix composites. They demonstrated structural 

integrity and excellent compatibility with the TWIP steel matrix, establishing their suitability as 

reinforcements. 
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