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Abstract

:

TiCp/steel composites are conventionally produced via powder metallurgy. In this paper, a liquid pressure infiltration method was developed to prepare a kind of spherical hierarchical architectured composite, in which spherical TiCp-rich hard phase regions were uniformly dispersed in TiCp-free soft phase region. The microstructure and mechanical properties of the architectured composites were carefully studied and compared with the common composite, as well as the effect of TiCp fraction on the properties. The results show that architecturual design can effectively improve both the toughness and strength of the composites. With TiCp content increasing from 30% to 50%, both the bending strength and the impact toughness of the architectured composites first increase, then decrease, and reach the highest at 40% TiCp. The highest impact toughness reaches 21.2 J/cm2, being 6.2 times that of the common composite and the highest strength being 67% higher. The pressure infiltration method possesses adaptability to varying shapes and sizes of the products, allowing for large-scale preparation. Therefore, for the first time, the combination of pressure infiltration preparation and architectural design was applied to TiCp/steel composites.
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1. Introduction


Particle-reinforced metal matrix composites (PRMMCs) [1] have been widely used in aerospace, defense, transportation, mining, power, and other fields owing to their high modulus, high strength, low thermal expansion, and excellent manufacturing flexibility [2,3]. To meet increasing engineering demands, there is an urgent need for high-performance structural materials with strength–toughness matching [4]. However, it is generally accepted that there is a trade-off between the strength and toughness of metal materials [5]. One widely-applied approach to overcome the conflict between strength and toughness is the specific structural design of metallic grains, including laminated structures [6], gradient structures [7], harmonic structures (i.e., bi-modal structures) [8], and their combinations, etc. Another method is through composite architecture (i.e., spatial non-uniform distribution of reinforced particles) design. Joshi et al. [9] proposed a framework where a level-I composite is integrated with an additional phase to form a level-II composite (which can be integrated further into a level-III composite, and so on). Hierarchical composites [10,11] are composed of two or more constituent phases, at least one of which is a composite material. The fracture toughness of the composites was improved using a graded composite architecture, with less strength loss. Zhang et al. [12] prepared bio-inspired graphene/Al2O3 double-reinforced aluminum composites. Compared to pure aluminum, the hardness, ultimate strength, Young’s modulus, and toughness of the composites increased by 210%, 223%, 78%, and 30%, respectively. Cui et al. [13] prepared TiB2/TiAl matrix composites with a layered reinforcement distribution using an annealing method. The tensile strength reached 402 MPa, and the elongation reached 5.72% at 750 °C, providing a good match between strength and plasticity. Ye et al. [14] prepared B4C/5083Al composites with a hierarchical structure; the strength remained almost unchanged, whereas the elongation increased from 0.8% to 2.5%. However, this hierarchical composite architecture is rarely applied in steel matrix composites [15].



Titanium carbide particle (TiCp)-reinforced steel matrix composites (TiCp/steel) combine the excellent ductility of steel and the high strength and hardness of TiC particles, achieving high hardness, strength, and excellent wear resistance that is no less than that of WC-Co cemented carbides [16]. TiCp/steel composites are conventionally produced via powder metallurgy (PM) because a wide range of reinforcement volume fractions and sizes can be used [17], and the solid–state process produces a good cermet interface by avoiding severe interfacial reactions [18,19]. However, the preparation of steel matrix composites by PM has the disadvantages of poor adaptability to the shape and size of parts and the need for welding with other parts for use [20]. Pressure infiltration [21,22] has recently emerged as a technique for preparing TiCp/steel composites. OH et al. [23] prepared TiCp/steel composites using pressure infiltration technology. The strength of the composites formed by hot isostatic pressing (919 MPa) was 16% higher than that of the composites formed by infiltration (791 MPa). Therefore, pressure infiltration can achieve high ceramic fraction and superior performance TiCp/steel composites, and the preparation efficiency is higher than that of the PM method. In this paper, the liquid cast–infiltration method is further developed to prepare a new spherical hierarchical architectured composite, and a new preparation method of spherical hierarchical composite preform is proposed.



In the structure of the hierarchical composites, ceramic particles are first uniformly dispersed in the metal matrix to form level I composites, which are then uniformly dispersed in the metal matrix to form level II composites [9]. Generally, the hierarchical composites are fabricated by the PM method. This study adopted an innovative pressure infiltration process. In the process, TiCp preform microspheres with a diameter of 60 μm were first prepared by a spray-drying technique, then the microspheres were put into PVA water solution to make a slurry, and the preforms were prepared by pouring the slurry into a mold. Finally, the composites were prepared by pressure infiltration. The process overcomes the shortcomings of PM methods, realizes the hierarchical distribution of TiCp in the matrix, and improves the comprehensive performance of the strength and toughness of the composite.




2. Experimental Procedures


2.1. Alloy Preparation


Figure 1 presents a schematic diagram of the process for preparing the composites. The reinforcement material is TiC particles (TiCp) with a purity of 99.9% (Qinghe Yuanyao Alloy Products Co., Ltd., Xingtai, China, 1250 mesh), with an average size of 10 μm. The morphology is shown in Figure 2a. The reduced iron powder was used to adjust the mass fraction of TiC in the composites (as shown in Figure 2b). Polyvinyl Alcohol (PVA) aqueous solution with a mass fraction of 40% was selected as the binder. Finally, manganese steel was selected as the matrix, whose chemical composition was C 1.4%, Mn 10%, Cr 2.0%, Si 0.4%, S < 0.05%, p < 0.1%, with Fe balance.



The preparation process of the composites is described as follows. First, TiCp, iron powder, and an alcohol solvent were mixed in a mass ratio of 6:4:1 and ball-milled in a planetary ball mill for 3 h (ball-to-material ratio of 5:1, ball diameter of 10 mm, rotation speed of 30 r/min), sprayed by a centrifugal spray-drying method to obtain ceramic microspheres with an average diameter of 60 μm, as shown in Figure 2c. Second, the ceramic microspheres were mixed with iron powder, a binder (40% PVA), and pure water to obtain a slurry. The slurry was poured into a sample mold (70 mm × 50 mm × 20 mm) to form a TiCp preform. The preform was dried and roasted in a vacuum furnace, with the temperature increasing at a rate of 4 °C/min, up to 900 °C, and held for 30 min. After roasting, the preform had enough strength to endure the infiltrating pressure of the steel liquid, due to the sintering of the iron powders in the preform, as shown in Figure 2d.



Manganese steel was smelted in a medium-frequency induction furnace. The TiCp preform was fixed in the casting mold in advance. The molten steel at a temperature of 1550 ± 10 °C was poured into the mold, pressed, and infiltrated into the preform under a pressure of 50 MPa for 5 min. After cooling and solidification, the architectured composite was obtained.



After fabrication, the hierarchical composites were subjected to water-toughening heat treatment, in which the austenitizing temperature was 1050 °C, the holding time was 120 min, and the quenching water temperature was 20 °C.



In the preparation of the preform, three ceramic microspheres with different mass fractions of 30%, 40%, and 50% were added to obtain the hierarchical composites. For comparison, manganese steel matrix composites reinforced with uniformly distributed TiCp (called common composites) with similar mass fractions and matrix alloy manganese steel were prepared using the pressure casting method with the same parameters.




2.2. Structural and Chemical Composition Characterization


The microstructures of the TiC powders, preforms, and composites were observed by scanning electron microscopy (SEM, LEO-1450, SEMTech Solutions, North Billerica, MA, USA). The volume fractions of TiCp and grad II reinforcement in the composite were calculated from five SEM images using Image J software (FIJI), and the average volume fraction was obtained. The phases of the matrix alloy and composites were characterized using X-ray diffraction (XRD; D MAX-2500, Rigaku, Tokyo, Japan), with Cu-Kα (λ = 0.154 nm) radiation in the 2θ range of 1–30° at a scanning rate of 90°/min. The morphology and chemical composition of the TiC/Fe interface were characterized using transmission electron microscopy (TEM, JEM200, JEOL, Frenchs Forest, NSW, Australia). The TEM samples were prepared using a focused ion beam (FIB, ZEISS Crossbeam 540, Macquarie Park, NSW, Australia) system. The elemental distributions of the matrix alloy and composites were studied using electron probe microanalysis (EPMA; JXA-iHP200F, JEOL, Frenchs Forest, NSW, Australia).




2.3. Property Tests


The samples for mechanical property tests were cut from composite samples by wire cutting and polished. The dimensions of the samples for the bending strength tests were 5 mm × 5 mm × 30 mm. The bending strength tests were performed using a CMT4503 electronic universal testing machine (Shenzhen Xinsansi material testing Co., Ltd., Shenzhen, China). The test span was 20 mm, and the loading speed was 0.5 mm/min. The impact toughness specimen was sized at 10 mm × 10 mm × 50 mm with no notch. Impact toughness tests were performed using a PH750 impact testing machine (Walter + Bai AG, Nuremburg, Germany). An HR-150A Rockwell hardness tester was used for the hardness test. The data for bending strength and impact toughness were the average of three tests, and the hardness was the average of five tests.





3. Experimental Results


	(1)

	
Phases of the composites







The XRD patterns of the manganese steel and TiCp/Fe common composite and hierarchical composite prepared via pressure infiltration are shown in Figure 3. The microstructure of the manganese steel is comprised of a single austenite phase, and the composites contain both austenite and TiC phases, without other obvious phases.



	(2)

	
Microstructure of the composites







Figure 4a shows the microstructure of the TiCp/Fe hierarchical composites prepared by pressure infiltration. The composite is reinforced with uniformly distributed composite balls (level II reinforcement), which is further reinforced with uniformly distributed TiCps, acting as level I reinforcement. So, the composite is a two-level hierarchical composite. Regardless of the level I reinforcement or level II reinforcement, there is no obvious agglomeration. According to quantitative metallographic calculations with Image J, the calculated volume fractions of the three TiCp phases in the hierarchical composite, with mass fractions of 30%, 40%, and 50%, are about 34.8%, 46.3%, and 56.4%. respectively. This hierarchical structure was expected to ensure that the strain was evenly distributed in the composite and prevent strain localization [24,25]. Figure 4b shows a composite ball in the hierarchical composite, revealing that the steel liquid completely infiltrated the TiCp microspheres. Kaplan et al. [26] fabricated TiC-1080 steel cermets by pressure-less infiltration. Small defects were often found at the metal–ceramic interface, and quasi-static failure occurred owing to the extension and passivation of these interface defects. However, in this study, no interfacial defects are observed at the TiC–matrix interface because of the high infiltration pressure.



For comparison, the microstructure of the TiCp-reinforced manganese steel matrix composite with a uniform distribution of 46.3% TiCp is shown in Figure 5. There was also no agglomeration of TiCp in the matrix. The TiCp/Fe interface was sound without defects such as pores, cracks, or spalling.



The microstructure inside the composite balls was further characterized. Figure 6 shows the microstructure and elemental distribution of the composite microspheres in the TiCp/Fe hierarchical composites. The dark-colored particles are TiCps, and the light-colored matrix is manganese steel. Cr and Mn were distributed in the matrix.



The TiCp/Fe interface was carefully characterized with EDS and TEM. Figure 7 shows the elemental distribution at the interface between the TiCp and the matrix. Ti and C in the TiCp and Fe in the matrix gradually diffused at the interface transition layer to form a good interface bond. The interface transition layer was 2~5 μm thick.



TEM was used to observe the interfacial microstructures of the hierarchical composites, as shown in Figure 8. Figure 8a shows the morphology of the TiCp/Fe matrix interface, indicating that no other phase is found at the interface. Figure 8b shows a high-resolution (HR) TEM image of the TiC–steel matrix interface, demonstrating that the interface between the TiC particles and the matrix was well-bonded. These interface characteristics are the same as those of pressure–infiltration composites in the literature [27]. Figure 8c shows the selected electron diffraction (SADP) pattern of TiCp at the interface, indicating that TiC has a face-centered cubic (FCC) structure.



	(3)

	
Chemical composition of the matrices







The composition of the matrices inside and outside the composite balls is different from that of steel liquid before infiltration, because it was changed by the iron powder, which was added to the TiCp preform to adjust the volume fraction of TiCp during the preparation of the hierarchical composite. This means that the chemical composition of the matrix is decided by that of the molten steel and the content of the iron powder in the preform. For example, the mass percentage of the Mn and C element in the matrix inside the composite ball (level I composite) can be calculated by a formula, as follows:


      w t %     M n   =   w   M n     w   C   + w   F e   + w   M n   + w   C r   + w   T i     × 100 %      



(1)






      w t %     C   =   w   C     w   C   + w   F e   + w   M n   + w   C r   + w   T i     × 100 %      



(2)




where w(Mn), w(C), w(Fe), w(Cr), and w(Ti) mean the mass of Mn, C, Fe, Cr, and Ti in the matrix, respectively.



The real distribution of elements in the level I and level II matrices was characterized using an electron probe microanalyzer (EPMA). The results are shown in Figure 9 and Table 1, where each value is the average of the five points checked. Figure 9a,b shows the morphologies and dot positions of the level I matrix and level II matrix, respectively. From Figure 9 and Table 1, the Mn content in the level I matrix and level II matrix was approximately 7%, and the C content was 0.569% in the level I matrix and 0.90% in the level II matrix, respectively. Compared with manganese steel before infiltration, Mn and C obviously decreased. This verifies that the manganese steel melt was diluted during infiltration into the TiCp preform containing iron powder, and the dilution degrees are different between the level I matrix and the level II matrix due to different iron powder contents.



The above-mentioned results show that the content of alloying elements in the matrix of the hierarchical composite will vary according to the metal powder added to the preform through the pressure infiltration method. This requires calculating and adjusting the chemical composition of the matrix in the hierarchical composite from the infiltration alloy in the design of composite materials.



Furthermore, it was found that the content of Ti in the level I matrix reaches 0.962%, although there is no Ti in the manganese steel melt for infiltration. This indicates that partial dissolution occurred at the surface of TiCp in the steel melt during the infiltration process.



	(4)

	
Mechanical properties of the composites







The mechanical properties of the TiCp/Fe composites and the manganese steel are listed in Table 2. The hardness of the hierarchical composites increases with the mass fraction of TiCp from 30% to 50%, and the maximum hardness is 60.7 HRC. However, with the increase in TiCp, the impact toughness and bending strength of the hierarchical composites show an increasing trend first and then decrease; the highest values are obtained at 40% TiCp.



Compared with the manganese steel and the common TiCp/Fe composite, the highest hardness (60.7 HRC) of the hierarchical composites is about 3.1 times that of the manganese steel (19.3 HRC), and similar to that of the common TiCp/Fe composite (56.9 HRC), with the same TiCp content. Compared with the literature [28], where the hardness of the 36% TiCp-reinforced steel composites prepared by PM was approximately 70 HRC, the hardness of the same composite prepared by the pressure infiltration method is slightly lower.



With TiCp content increasing, both the bending strength and the impact toughness first increase, then decrease, and reach the highest values at 40% TiCp. The highest strength of the TiCp/Fe hierarchical composite is 908.0 MPa, increasing by 48.9%, compared with the strength (609.8 MPa) of the common composite. The highest impact toughness of the hierarchical composites is 21.2 J/cm2, reaching about 6.2 times that of the common composite (3.4 J/cm2). That is to say, both the bending strength and impact toughness of the TiCp/Fe hierarchical composites are significantly higher than those of the common composite. Therefore, the hierarchical spatial design significantly improves the comprehensive properties of strength and toughness of the TiCp/Fe composites. Although the bending strength and impact toughness of the hierarchical composites are both lower than that of the manganese steel matrix, the composites often exhibit superior wear performance as wear-resistant materials [29]. The wear resistance of the hierarchical composites will be researched next in this work.



Figure 10 shows the bending load–displacement curves of the TiCp/Fe composites and the manganese steel matrix. It can be observed that the plastic deformation stage in the curves of the hierarchical composites is very obviously present, especially for those containing 40% and 50% TiCp; however, there is no plastic deformation stage for the common composite. The curve comparison proves that the hierarchical composites compose much better plasticity than the common composite. In the locally magnified image of the curve of the 40% TiCp hierarchical composite, it can be observed that the curve fluctuates in a zigzag manner around the highest load, which does not occur in the common composite. The difference will be further analyzed in the discussion section.




4. Discussion


	(1)

	
Influence of hierarchical structure on the mechanical properties of the TiCp/Fe composites







The multicore architecture, also known as a concrete-like architecture, offers both significant toughness and strengthening effects simultaneously due to the reduction of the interface volume density between the soft and hard phases [30]. However, in the multicore architectured composite, the hard phase regions are shaped into fibers, so there is stress concentration at the ends, which can easily lead to crack formation. Therefore, if the shape of the hard phase regions is changed to spheres, the stress concentration phenomenon will be completely eliminated. For example, Kou et al. [31] studied a composite with a spatial lattice architecture and spherical hard phase regions at the millimeter scale. The results show that the strain of the hierarchical composites reaches six times higher than that of the common composite, with a yield strength 79.5% higher. However, the hard phase regions are too coarse, so it is not beneficial to eliminate strain localization at the interface between the hard phase region and the soft phase region, not improving the comprehensive performance of the composites.



In this work, spherical hierarchical composites were prepared with much smaller-sized hard phase regions of about 60 microns, compared to those in the literature. As a result, the bending strength of the 40% TiCp/Fe hierarchical composite becomes 67% higher than the common composite. Especially noteworthy is its impact toughness, which reaches 21.2 J/cm2, being 6.2 times that of the latter. The strengthening and toughening effect of the spherical hierarchical architecture is obvious.



The fracture behavior of the TiCp/Fe hierarchical composites can be explained by the fracture morphology of the composites under the bending load, as shown in Figure 11. Figure 11a shows many spherical pits and hillocks on the fracture surface, and Figure 11b shows that large cracks propagate and are deflected along the level II reinforcement/level II matrix interface. Although there are also many small cracks in the composite ball like those in Figure 11b, they seldom evolve into main cracks and cause the composite balls to crack. The situation is the same for the fracture surface analysis of the impact samples. Therefore, under the case of static bending or high-speed impact load, cracking of the level II reinforced ball/level II matrix are the main failure mechanisms of the hierarchical composites [32]. Owing to the continuous deflection of cracks along the curved surfaces of different composite spheres, more energy is released during crack propagation, which explains the high toughness of the TiCp/Fe hierarchical composites.



To carefully analyze the origin and propagation of cracks in the hierarchical composites, the fractured samples were coldly inlaid in resin and cut longitudinally, and the morphology under the fracture surfaces was observed, as shown in Figure 12. As shown in Figure 12a, the fracture surface of the composite extends along the contour of several level II reinforcements, and two obvious cracks originate at the connection regions of adjacent level II reinforcements. Figure 12b shows the morphology of the subsurface layer of the fractured surface at a high magnification. Because TiCp is brittle, many microcracks first form inside TiCps, linking by breaking the level I matrix between them at both the interface of level II reinforcement/matrix and that of the level I reinforcement/matrix. The cracks at the interface of level II reinforcement/matrix can link together and form a main crack to propagate to the fracture surface; however, the crack inside the level I composite cannot. The reason should lie in the difference of stress distribution between inside and outside the level II reinforcement. According to the literature [33], the maximum stress of hierarchical composites is located at the interface of level II reinforcement/matrix, rather than at the ceramic particle/matrix interface inside level II reinforcements.



As shown in Figure 10 above, from the locally magnified image of the curve of the 40% TiCp hierarchical composite, it can be observed that the curve fluctuates in a zigzag manner around the highest load, which does not occur in the common composite. Combined with the fracture surface of the 40% TiCp/Fe hierarchical composite material, it is found that the material at the end of the fracture failure is due to the spatial structure of the hierarchical configuration, leading to the zigzag fluctuation on the bending load–displacement curves.



The cracking behavior of TiCp and the adjacent matrix observed in this research mainly includes crack deflection [34], crack bridging [35], crack bifurcation [36], and the pinning phenomenon [37,38], as shown in Figure 13. In Figure 13a, cracks inside TiCp due to its brittleness are hindered at the TiCp/Fe interface. In Figure 13b, TiC particles connect two tiny branch cracks with different directions to form a bridging effect. The crack deflection phenomenon is widely present at the interface of level II reinforcement/matrix and level I reinforcement/matrix, as seen in Figure 13c. When interfaces are formed with TiCps and other phases, small dislocations around them will cause a pinning effect [36]. This pinning effect makes it difficult for the early-generated micro-opening to move and prevents its convergence and connectivity with the main opening, requiring more energy to achieve convergence and connectivity (as shown in Figure 13d). These cracking behaviors also contribute to the high toughness of the TiCp/Fe hierarchical composites.



	(2)

	
Innovative method to prepare the hierarchical composites—pressure infiltration







Generally, the method of preparing architectured composites is still powder metallurgy (PM) [14], the same method as conventional composites. However, the preparation process requires multiple mixing and multiple sintering, so there are disadvantages such as a long process, low efficiency, and limitations on the shape and size of the products. Therefore, various liquid infiltration methods have become a hot spot in the preparation of architectured composites in recent years. Qin et al. [30] drilled holes in an Al block, then filled the mixed powders of ceramic and matrix metal into the holes, and finally prepared the multi-core architectured composite using vacuum pressure infiltration technology. Obviously, this method is only suitable for research because the drilling process greatly reduces the preparation efficiency. Lu et al. [39] prepared templates of plastics containing the needed architecture by 3D printing, then filled them with mixed powders of ceramic and base metal, and finally prepared three-dimensional interpenetrating network composites by pressure infiltration technology. This method can improve the accuracy of the architecture but can only be applied to architectured composites where the soft phase regions and the hard phase regions are interpenetrating. It cannot be used for architectured composites where one of the soft phase regions and the hard phase regions are continuous and the other is dispersed. For this purpose, Kou et al. [31] connected several ceramic preform balls in series with a steel wire to form a sugar-gourd skewer, which was placed in a casting cavity to finally prepare a spatial lattice architectured composite by pressure infiltration technology. Obviously, this method can only be applied in research and does not have feasibility for large-scale preparation. Additionally, the hard phase regions must reach the size of millimeter level, which is not beneficial to the structural refinement of the composites.



The present paper proposes an innovative process for the large-scale preparation of composites with a spherical hierarchical architecture, in which soft phase regions are continuous and spherical hard phase regions dispersed. First, tiny balls containing mixed particles of ceramic and metal, with an approximate diameter of 60 microns, were formed by spray drying technology. Then, the balls were mixed with metal powder to obtain preforms with the desired shape and size. Finally, the pressure infiltration method was employed to fabricate the architectured composites in one step. This method effectively solves the challenges encountered in powder metallurgy methods such as poor adaptability to varying shapes and sizes of composites, as well as difficulties associated with large-scale preparation observed in various methods only for research. Moreover, it enables refinement of the size of the hard phase regions down to a 10-micron scale, thereby facilitating further enhancement of the mechanical properties of the composites.



In summary of this study, the spherical hierarchical architecture design was first applied to the TiCp/steel composites. A new preparation process for hierarchical composites was proposed so that mass production and wide applications of TiCp/steel hierarchical composites became feasible. However, there are still some problems, such as the surface oxidation of TiCp during the preparation and the mechanical properties of the matrix itself (the strength and hardness of the manganese steel matrix are too low to support TiCp during application), which need to be further solved in future research.




5. Conclusions


Spherical TiCp/Fe hierarchical composites were successfully prepared via pressure infiltration technology. The strengthening and toughening mechanisms of the composites were studied by extensively characterizing their microstructures and mechanical properties. The main conclusions of this study are summarized as follows:



(1) A new pressure infiltration technology was successfully developed to prepare spherical TiCp/Fe hierarchical composites.



(2) With the increase inTiCp fraction, the hardness of TiCp/Fe hierarchical composites gradually increases, and the impact toughness and bending strength increase first and then decrease. The highest impact toughness reaches 21.2 J/cm2, being 6.2 times that of the common composite, with the highest strength being 67% higher.



(3) High-resolution (HR) TEM images of the TiCp/steel matrix interface revealed that the partial dissolution and reprecipitation of TiC at the TiCp/Fe interface during pressure infiltration improve wettability, leading to interface stability and strong adhesion between the reinforced material and the matrix.



(4) The high toughness of the TiCp/Fe hierarchical composites can be attributed to various fracture mechanisms, including crack passivation, crack branching, crack deflection, matrix plastic deformation, and crack bridging.







Author Contributions


S.Z.: Writing—original draft, methodology, investigation, data curation, writing—review and editing. D.L.: Project administration, funding acquisition, conceptualization, methodology, supervision. F.W.: Investigation, formal analysis, writing—review and editing. J.Z.: writing—review and editing, visualization. Y.J.: Supervision, project administration. All authors have read and agreed to the published version of the manuscript.




Funding


The authors sincerely acknowledge the financial support from the National Natural Science Foundation of China (52261030) and the Applied Basic Research Key Project of Yunnan (202201AS070026).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that have been used are confidential.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Miracle, D. Metal matrix composites—From science to technological significance. Compos. Sci. Technol. 2005, 65, 2526–2540. [Google Scholar] [CrossRef]

	



Guo, X.; Guo, Q.; Li, Z.; Fan, G.; Xiong, D.-B.; Su, Y.; Zhang, J.; Gan, C.L.; Zhang, D. Interfacial strength and deformation mechanism of SiC–Al composite micro-pillars. Scr. Mater. 2015, 114, 56–59. [Google Scholar] [CrossRef]

	



Hugosson, H.; Eriksson, O.; Jansson, U.; Ruban, A.; Souvatzis, P.; Abrikosov, I. Surface energies and work functions of the transition metal carbides. Surf. Sci. 2004, 557, 243–254. [Google Scholar] [CrossRef]

	



Gong, J.; Wu, J.; Guan, Z. Analysis of the indentation size effect on the apparent hardness for ceramics. Mater. Lett. 1999, 38, 197–201. [Google Scholar] [CrossRef]

	



Ritchie, R.O. The conflicts between strength and toughness. Nat. Mater. 2011, 10, 817–822. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Kang, J.; Peng, Y.; Wang, T.; Hansen, N.; Huang, X. Laminated Fe-34.5 Mn-0.04C composite with high strength and ductility. J. Mater. Sci. Technol. 2018, 34, 1939–1943. [Google Scholar] [CrossRef]

	



Wu, X.; Jiang, P.; Chen, L.; Yuan, F.; Zhu, Y.T. Extraordinary strain hardening by gradient structure. Proc. Natl. Acad. Sci. USA 2014, 111, 7197–7201. [Google Scholar] [CrossRef]

	



Vajpai, S.K.; Ota, M.; Zhang, Z.; Ameyama, K. Three-dimensionally gradient harmonic structure design: An integrated approach for high performance structural materials. Mater. Res. Lett. 2016, 4, 191–197. [Google Scholar] [CrossRef]

	



Joshi, S.P.; Ramesh, K. An enriched continuum model for the design of a hierarchical composite. Scr. Mater. 2007, 57, 877–880. [Google Scholar] [CrossRef]

	



Kai, X.; Peng, Y.; Wang, Y.; Zhong, W.; Huang, L.; Qian, W.; Shi, A.; Tao, R.; Liang, X.; Chen, G.; et al. Microstructure-based 3D finite element modeling of deformation and damage of (ZrB2+B4C)/6016Al hierarchical composites. J. Mater. Res. Technol. 2023, 25, 5600–5614. [Google Scholar] [CrossRef]

	



Kelly, A.; Mi, J.; Sinha, G.; Krug, P.; Crosa, F.; Audebert, F.; Grant, P. An Al–Si–Ti hierarchical metal–metal composite manufactured by co-spray forming. J. Am. Acad. Dermatol. 2011, 211, 2045–2049. [Google Scholar] [CrossRef]

	



Zhang, Y.; Li, X. Bioinspired, Graphene/Al2O3 Doubly Reinforced Aluminum Composites with High Strength and Toughness. Nano Lett. 2017, 17, 6907–6915. [Google Scholar] [CrossRef]

	



Cui, X.; Fan, G.; Geng, L.; Wu, H.; Pang, J.; Gong, J. Influence of raw material selection and fabrication parameters on microstructure and properties of micro-laminated TiB2–TiAl composite sheets. Mater. Sci. Eng. A 2014, 589, 83–88. [Google Scholar] [CrossRef]

	



Ye, J.; Han, B.Q.; Lee, Z.; Ahn, B.; Nutt, S.R.; Schoenung, J.M. A tri-modal aluminum based composite with super-high strength. Scr. Mater. 2005, 53, 481–486. [Google Scholar] [CrossRef]

	



Gülenç, İ.T.; Bai, M.; Mitchell, R.L.; Todd, I.; Inkson, B.J. In situ TiC reinforced Ti6Al4V matrix composites manufactured via selective laser melting. Rapid Prototyp. J. 2023, 30, 378–392. [Google Scholar] [CrossRef]

	



Pagounis, E.; Lindroos, V. Processing and properties of particulate reinforced steel matrix composites. Mater. Sci. Eng. A 1998, 246, 221–234. [Google Scholar] [CrossRef]

	



Foller, M.; Meyer, H. The Use of Tool Steels: Experience and Research. In Proceedings of the 6th International Tooling Conference, Karlstad, Sweden, 10–13 September 2002; Bergström, J., Fredriksson, G., Johansson, M., Kotik, O., Thuvander, F., Eds.; Karlstad University: Karlstad, Sweden, 2002; pp. 1373–1389. [Google Scholar]

	



Feng, K.; Yang, Y.; Shen, B.; Guo, L. In situ synthesis of TiC/Fe composites by reaction casting. Mater. Des. 2005, 26, 37–40. [Google Scholar] [CrossRef]

	



Olejnik, E.; Szymański, Ł.; Tokarski, T.; Tumidajewicz, M. TiC—Based local composite reinforcement obtained in situ in ductile iron based castings with use of rode preform. Mater. Lett. 2018, 222, 192–195. [Google Scholar] [CrossRef]

	



Parashivamurthy, K.I.; Kumar, R.K.; Seetharamu, S.; Chandrasekharaiah, M.N. Review on TiC reinforced steel composites. J. Mater. Sci. 2001, 36, 4519–4530. [Google Scholar] [CrossRef]

	



Constantin, H.; Harper, L.; Kennedy, A. Pressure-assisted infiltration of molten metals into non-rigid, porous carbon fibre structures. J. Am. Acad. Dermatol. 2017, 255, 66–75. [Google Scholar] [CrossRef]

	



Blucher, J.T. Discussion of a liquid metal pressure infiltration process to produce metal matrix composites. J. Am. Acad. Dermatol. 1992, 30, 381–390. [Google Scholar] [CrossRef]

	



Oh, N.; Lee, S.; Hwang, K.; Hong, H. Characterization of microstructure and tensile fracture behavior in a novel infiltrated TiC–steel composite. Scr. Mater. 2016, 112, 123–127. [Google Scholar] [CrossRef]

	



Nie, J.; Chen, Y.; Song, L.; Fan, Y.; Cao, Y.; Xie, K.; Liu, S.; Liu, X.; Zhao, Y.; Zhu, Y. Enhancing strength and ductility of Al-matrix composite via a dual-heterostructure strategy. Int. J. Plast. 2023, 171, 103825. [Google Scholar] [CrossRef]

	



Yu, Z.; Liu, J.; Wei, X. Unraveling crack stability and strain localization in staggered composites by fracture analysis on the shear-lag model. Compos. Sci. Technol. 2018, 156, 262–268. [Google Scholar] [CrossRef]

	



Kaplan, W.; Rittel, D.; Lieberthal, M.; Frage, N.; Dariel, M. Static and dynamic mechanical damage mechanisms in TiC-1080 steel cermets. Scr. Mater. 2004, 51, 37–41. [Google Scholar] [CrossRef]

	



Lee, Y.-H.; Kim, N.; Kim, Y.; Cho, S.; Lee, S.-K.; Jo, I. Microstructure and mechanical properties of lightweight TiC-steel composite prepared by liquid pressing infiltration process. Mater. Charact. 2020, 162, 110202. [Google Scholar] [CrossRef]

	



Lin, T.; Guo, Y.; Wang, Z.; Shao, H.; Lu, H.; Li, F.; He, X. Effects of chromium and carbon content on microstructure and properties of TiC-steel composites. Int. J. Refract. Met. Hard Mater. 2018, 72, 228–235. [Google Scholar] [CrossRef]

	



Rosso, M. Ceramic and metal matrix composites: Routes and properties. J. Mater. Process. Technol. 2006, 175, 364–375. [Google Scholar] [CrossRef]

	



Qin, S.; Zhang, G. Preparation of high fracture performance SiCp-6061A1/6061A1 composite. Mater. Sci. Eng. A 2000, 279, 231–236. [Google Scholar] [CrossRef]

	



Kou, B.; Lu, D.; Gong, W.; Wei, S.; Jiang, C. Compressive and wear properties of Al2O3p/high manganese steel composites with a spatial lattice architecture. Mater. Today Commun. 2022, 32, 104159. [Google Scholar] [CrossRef]

	



Cui, C.; Wu, R.; Li, Y.; Shen, Y. Fracture toughness of in situ TiCp–AlNp/Al composite. J. Am. Acad. Dermatol. 2000, 100, 36–41. [Google Scholar] [CrossRef]

	



Liao, C. Effect of Space Structure on Mechanical Properties of Steel Matrix Composites; Kunming University of Science and Technology: Kunming, China, 2017. [Google Scholar]

	



Zhang, W.; Lin, B.; Tang, Y.; Wang, Y.; Zhang, D.; Zhang, W. Microstructures and mechanical properties of high-performance nacre-inspired Al-Si/TiB2 composites prepared by freeze casting and pressure infiltration. Ceram. Int. 2021, 47, 16891–16901. [Google Scholar] [CrossRef]

	



Green, D.J. Fracture Toughness/Young’s Modulus Correlation for Low-Density Fibrous Silica Bodies. J. Am. Ceram. Soc. 1983, 66, 288–292. [Google Scholar] [CrossRef]

	



Song, J.; Fan, C.; Ma, H.; Liang, L.; Wei, Y. Crack deflection occurs by constrained microcracking in nacre. Acta Mech. Sin. 2018, 34, 143–150. [Google Scholar] [CrossRef]

	



Rajasekaran, G.; Parashar, A. Enhancement of fracture toughness of graphene via crack bridging with stone-thrower-wales defects. Diam. Relat. Mater. 2017, 74, 90–99. [Google Scholar] [CrossRef]

	



Yin, X.-L.; Chen, M.; Wang, N.; Xu, L. Improvement of densification and mechanical properties of MgAl2O4–CaAl4O7–CaAl12O19 composite by addition of MnO. Ceram. Int. 2017, 43, 4706–4711. [Google Scholar] [CrossRef]

	



Lu, D.; He, G.; Wang, L.; Liao, C. Compressive properties and cracking behaviour of 3D interpenetrating hierarchical Al2O3p/steel composite. Mater. Sci. Technol. 2019, 35, 716–724. [Google Scholar] [CrossRef]








[image: Materials 17 01325 g001] 





Figure 1. Schematic of preparation of composite. 






Figure 1. Schematic of preparation of composite.



[image: Materials 17 01325 g001]







[image: Materials 17 01325 g002] 





Figure 2. SEM micrographs of TiC particles, Fe particles, ceramic composite microspheres, and TiCp preform. (a) Raw TiC particles; (b) raw Fe particles. (c) Ceramic composite microspheres prepared via spray drying; (d) TiCp preform. 
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Figure 3. XRD patterns of manganese steel and TiCp/Fe hierarchical composites. 
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Figure 4. Microstructure of 40% TiCp/Fe hierarchical composites by the pressure infiltration method: (a) at low magnification, (b) at high magnification, (c) matrix inside and outside a composite ball (etched). 
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Figure 5. Microstructure of 40% TiCp/Fe common composite prepared by pressure infiltration method: (a) at low magnification; (b) at high magnification, (c) the matrix (etched). 
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Figure 6. SEM images and elemental distribution of ceramic composite microspheres in TiCp/Fe hierarchical composites. 
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Figure 7. Composition distribution of composite material. 
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Figure 8. Interfacial microstructures of the hierarchical composite: (a) TEM bright–field image of the composite; (b) high-resolution (HR) TEM images of TiC–steel matrix interface; (c) SADP of TiC particles. 
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Figure 9. The 40% TiCp/Fe hierarchical composite elemental distribution in the level I matrix and level II matrix: (a) level I matrix selection area; (b) level II matrix selection area. 
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Figure 10. Bending load–displacement curves of TiCp/Fe composites and manganese steel matrix. 
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Figure 11. The 40% TiCp/Fe hierarchical composite bending specimen fracture: (a) macroscopic morphology of fracture; (b) micro-morphology of fracture. 
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Figure 12. SEM micrographs of the subsurface layer of the 40% TiCp/Fe hierarchical composite cross-section after the bending strength test: (a) macroscopic morphology of surface; (b) micro-morphology of surface. 
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Figure 13. SEM micrographs of cracks in reinforcement particles: (a) crack branching; (b) crack bridging; (c) crack deflection; (d) crack pinning. 
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Table 1. The 40% TiCp/Fe hierarchical composite element content in the matrix.
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	Element
	Manganese Steel

(wt%)
	Level I Matrix

(wt%)
	Level II Matrix

(wt%)





	C
	1.3
	1.0
	1.0



	Ti
	0.0
	1.0
	0.0



	Cr
	2.0
	2.0
	1.7



	Mn
	8.7
	7.0
	7.1



	Fe
	88.0
	88.3
	89.0










 





Table 2. Mechanical properties of researched materials.
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	Materials
	Hardness

(HRC)
	Impact Toughness

(J/cm2)
	Bending Strength

(MPa)





	Manganese steel
	19.3
	290.0
	1420.2



	Common composite (40% TiCp)
	56.9
	3.4
	609.8



	Hierarchical composite (30% TiCp)
	52.9
	15.0
	711.6



	Hierarchical composite (40% TiCp)
	57.0
	21.2
	908.0



	Hierarchical composite (50% TiCp)
	60.7
	19.9
	765.5
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