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Fine study of hierarchical interphase constructed by Ti 3 SiC 2 and carbon nanotubes in SiC f /SiC composites

The interphase in silicon carbide fiber-reinforced silicon carbide ceramic matrix composites (SiC f /SiC) assumes a significant role in the mechanical properties exhibited at elevated temperatures. The strength, toughness, and chemical stability of a composite is frequently influenced by the optimization of its interphase. In this work, the MAX phase (Ti 3 SiC 2 ) and carbon nanotubes (CNTs) were successively deposited on the SiC f using the molten salt method and chemical vapor deposition technique, respectively, to create a hierarchical structure. Transmission electron microscopy was employed to undertake a comprehensive investigation of the interfacial component in SiC f /SiC composites. The detailed study of interphases in SiC f /SiC composites has been conducted through the analysis of crystallization, the

bonding natures, and the micromorphology, encompassing geometry and constituent characteristics. A bilayer consisting of TiC-Ti 3 SiC 2 /Ti 5 Si 3 and a vertical array of carbon nanotubes (CNTs) with a length of 7 μm is fabricated on the surface of SiC f /Ti 3 SiC 2 -CNTs. The SiC f /Ti 3 SiC 2 /SiC and SiC f /Ti 3 SiC 2 -CNTs/SiC composites exhibit lamellar structures of Ti 3 SiC 2 , which indicates a further crystallization of Ti 3 SiC 2 resulting from the formation of SiC matrix by PIP procedure. The interphase of SiC f /Ti 3 SiC 2 -CNTs/SiC composite may be categorized into four distinct layers: a TiC phase, a TiSi 2 phase, a transition phase of TiSi 2 /TiC, and a Ti 3 SiC 2 phase. This interphase structure is more intricate compared to the interphase structure observed in the SiC f /Ti 3 SiC 2 /SiC composite. This research indicates significant value for the future design and optimization of interfaces.
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Introduction

Silicon carbide fiber-reinforced silicon carbide ceramic matrix (SiC f /SiC) composites have garnered significant interest because of their exceptional mechanical qualities, thermal conductivity, and semiconductor characteristics. [START_REF] Wang | A review of third generation SiC fibers and SiCf/SiC composites[END_REF][START_REF] Liu | Recent advances in joining of SiC-based materials (monolithic SiC and SiCf/SiC composites): Joining processes, joint strength, and interfacial behavior[END_REF][START_REF] Liu | Characterization and Modeling Damage and Fracture of Prepreg-MI SiC/SiC Composites under Tensile Loading at Room Temperature[END_REF] These aforementioned accomplishments serve as evidence of the potential utilization of SiC f /SiC in several high-technology industries, including aerospace manufacturing, electric systems, electronic circuits, nuclear energy systems, etc. [START_REF] Zhou | Boosting of water splitting using the chemical energy simultaneously harvested from light, kinetic energy and electrical energy using N doped 4H-SiC nanohole arrays[END_REF][START_REF] Liu | Ultra-stable and bifunctional free-standing SiC photoelectrocatalyst for water remediation[END_REF][START_REF] Song | Multifunctional SiC@SiO2 Nanofiber Aerogel with Ultrabroadband Electromagnetic Wave Absorption[END_REF] However, the SiC f /SiC ceramic matrix composite is brittle due to its defect-sensitive characteristics, which fails to meet the mechanical demands in industrial applications. Thus, enhancing the strength and toughness of SiC f /SiC is a fundamental requirement for its practical utilization. The interface with relative low strength will undergo dissociation upon transmission of matrix cracks to the interface. The crack deviates from the intrinsic direction of expansion, and the extension of the crack expansion path promotes stress release, enhancing the strength and toughness of the ceramic matrix composite material. Therefore, a qualitative characterization of the interface between fibers and matrix can help us to find a solution to improve the strength and toughness of the composite materials. [START_REF] Yu | Mechanical properties of 3D KD-I SiCf/SiC composites with engineered fibre-matrix interfaces[END_REF][START_REF] Gao | Phase-field simulation of microscale crack propagation/deflection in SiCf/SiC composites with weak interphase[END_REF][START_REF] Nöth | Wet chemical deposition of BN, SiC and Si3N4 interphases on SiC fibers[END_REF] Extensive research efforts have been dedicated to investigating the interphase in the SiC f /SiC composites. [START_REF] Sun | Characterization of BN interface and its effect on the mechanical behavior of SiCf/SiC composites[END_REF][START_REF] Yang | Thickness-dependent phase evolution and bonding strength of SiC ceramics joints with active Ti interlayer[END_REF][START_REF] Naslain | The design of the fibre-matrix interfacial zone in ceramic matrix composites[END_REF] The pursuit of enhanced performances has led to a significant focus on the interphase, which involves the utilization of innovative materials and hierarchical microstructures. [START_REF] Yang | In-situ formation of Ti3SiC2 interphase in SiCf/SiC composites by molten salt synthesis[END_REF][START_REF] Naslain | Single-and Multilayered Interphases in SiC/SiC Composites Exposed to Severe Environmental Conditions: An Overview[END_REF] The utilization of ternary layered carbide MAX phase synthesized by a molten salt method serves as an illustrative instance of innovative materials. The MAX phase exhibits a multi-layered structure with different electron density distributions, which can possess the MAX phase with both metallic and ceramic properties through the manipulation of its microstructures. [START_REF] Zhang | On the formation mechanisms and properties of MAX phases: A review[END_REF] Li Mian et al has documented that the utilization of the MAX phase as a buffer interface can effectively deflect cracks in the interphase by absorbing a substantial quantity of fracture energy within the fiber-reinforced composites. [START_REF] Li | Preparation of TiC/Ti2AlC coating on carbon fiber and investigation of the oxidation resistance properties[END_REF][START_REF] Li | Copper-SiC whiskers composites with interface optimized by Ti3SiC2[END_REF] In contrast to PyC and BN, the MAX phase exhibits superior binding strength with SiC, which enhances the efficiency of load transfer efficiency. [START_REF] Haji Amiri | Characterization of hot-pressed Ti3SiC2-SiC composites[END_REF][START_REF] Spencer | The Reactivity of Ti2AlC and Ti3SiC2 with SiC Fibers and Powders up to Temperatures of 1550°C[END_REF][START_REF] Lee | Formation of Ti3SiC2interphase coating on SiCf/SiC composite by electrophoretic deposition[END_REF][START_REF] Yang | Mechanical properties of SiCf/SiC composites with PyC and the BN interface[END_REF][START_REF] Lu | The wetting-to-nonwetting transition of CVD BN coatings deposited at different temperatures[END_REF] In our previous work, we have additionally documented the utilization of the MAX phase materials in the enhancement of electromagnetic wave absorption in SiC composites. [START_REF] Zou | Constructing hierarchical Ti3SiC2 layer and carbon nanotubes on SiC fibers for enhanced electromagnetic wave absorption[END_REF] Therefore, the MAX phase can be seen as a flexible interface that facilitates the enhancement of both strength and toughness in fiber-reinforced ceramic matrix composites.

Extensive research has been conducted on the synthesis of one-dimensional (1D) nanomaterials with exceptional mechanical properties on the interface as buffer coatings, such as carbon nanotubes (CNTs) and silicon nitride (Si 3 N 4 ) nanowires.

These studies aim to enhance the toughness and pre-fabricated body structure of the SiC f /SiC composites. [START_REF] Feng | Three-dimensional carbon/carbon composites with vertically aligned carbon nanotubes: Providing direct and indirect reinforcements to the pyrocarbon matrix[END_REF][START_REF] Feng | Fabrication of SiCf-CNTs/SiC composites with high thermal conductivity by vacuum filtration combined with CVI[END_REF] Nevertheless, achieving uniform dispersion of 1D nanomaterials with high aspect ratios in the composites, like CNTs, poses a challenge due to the entanglement and coalescence resulting from van der Waals forces. [START_REF] Li | Enhanced thermal and mechanical properties of optimized SiCf/SiC composites with in-situ CNTs on PyC interface[END_REF] The utilization of a core-shell structure or multi-coating is a more versatile approach to attaining mechanical reinforcement. [START_REF] Sun | In situ growth carbon nanotube reinforced SiCf/SiC composite[END_REF][START_REF] Zhao | Mechanical properties and in situ crack growth observation of SiC/SiC composites[END_REF] A quantitative characterization of the interfaces of the multi-coating in the interphase of SiC f /SiC composites presents an intriguing area of investigation in this particular situation.

This study investigates the hierarchical interface formed by the combination of MAX phase and CNTs in SiC f /SiC composites. The composites were fabricated by the controlled molten salt method and chemical vapor deposition (CVD) technique.

The analysis of the composites' crystalline structures and bonding characteristics was based on X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). To preserve the integrity of the interface and minimize the detrimental effects of cutting, the samples intended for cross-section characterization were meticulously prepared by focus ion beam (FIB) technique in a scanning electron microscope (SEM).

Subsequently, the micromorphology of the samples was examined using highresolution transmission electron microscopy (HR-TEM). 

Experimental section

Materials preparation

The molten salt synthesis (MSS) method was used to introduce Ti 3 SiC 2 on the surface of SiC f . [START_REF] Chahhou | Synthesis of Ti3SiC2 coatings onto SiC monoliths from molten salts[END_REF] First, the mixture powder of NaCl, KCl, and Ti with the molar ratio of NaCl: KCl: Ti = 4:4:1 was grounded in an alumina crucible. Then, SiC f bundles were evenly buried in the mixture powder. The molten salt reaction was carried out by placing the alumina crucible in an argon-gas-protected tube furnace and heating it to 1000°C at a rate of 5°C/min for 1 hour. Afterward, the reaction temperature was quenched to 500 o C and then cooled naturally. When the furnace was cooled down to room temperature, the reaction products were taken out and washed several times with deionized water for removing residual salts. The obtained sample was named as SiC f /Ti 3 SiC 2 .

Floating catalytic chemical vapor deposition (CVD) was used to grow carbon nanotubes (CNTs) on SiC f /Ti 3 SiC 2 . [START_REF] Zou | Constructing hierarchical Ti3SiC2 layer and carbon nanotubes on SiC fibers for enhanced electromagnetic wave absorption[END_REF] SiC f /Ti 3 SiC 2 was placed in a tube furnace in a gas mixture of argon, hydrogen, and acetylene with a volume ratio of 400:90:10. The temperature of CVD was 700 °C with an increasing rate of 10 °C/min. The catalyst used in the CVD was a xylene/ferrocene solution with a concentration of ferrocene of 0.5 g/mL. After 10 minutes of reaction, the sample was removed and cooled down to room temperature naturally. The obtained sample was named as SiC f /Ti 3 SiC 2 -CNTs.

The precursor impregnation and pyrolysis (PIP) method was used to prepare the SiC f /SiC composite. [START_REF] Zhao | Effect of heat treatment on microstructure and mechanical properties of PIP-SiC/SiC composites[END_REF] The SiC f before and after treatment were placed in liquid PCS and vacuum-impregnated for 16 h. Then, the impregnated SiC f was pyrolyzed for 

Characterization

The crystalline phases of raw SiC f and SiC f /Ti 3 SiC 2 were characterized by an Xray diffractometer (XRD) (Rigaku SmartLab SE, Japan) with a Cu target Kα ray. The scanning range of 2θ was from 10° to 80° with a step of 10°/min. The X-ray photoelectron spectra of the SiC fibers after molten-salt synthesis were measured using an X-ray photoelectron spectrometer (XPS; PHI 5000 Versaprobe III). The morphology and microstructure of the samples were observed by a scanning electron microscope (SEM) (Tescan Mira4) at 10 kV. The TEM samples were cut by focused ion beams (FIB, Nova NanoSEM230), which was described in detail elsewhere. [START_REF] Liu | Quantitative Study of Interface/Interphase in Epoxy/Graphene-Based Nanocomposites by Combining STEM and EELS[END_REF] TEM imaging was performed by a Talos F200 with a field emission gun (XFEG) operating at an accelerating voltage of 200 kV. Energy-dispersion X-ray microscopy (EDX) was carried out on the same equipment and operated at 200 kV in a STEM mode. The EDX mapping was acquired for 10 min. 008), (105), and (110) of Ti 3 SiC 2 (JCPDS no. 40-1132), respectively. These peaks provide evidence of a successful deposition of Ti 3 SiC 2 onto the SiC f substrate. [START_REF] Zhang | Effect of annealing temperature on microstructure and mechanical properties of plasma sprayed TiC-Ti5Si3-Ti3SiC2 composite coatings[END_REF] The X-ray photoelectron spectroscopy (XPS) spectra presented in Fig. 2b whereas one of the peripheral layers has a thickness of 0.92 nm (Fig. 3b). The layer demonstrates few fractures and micropores, which confers advantageous for subsequent synthesis SiC f /SiC composites.

To provide additional validation for the bi-layer structure of the interphase, a longitudinal section of the interphase on SiC f is obtained by focused ion beam (FIB) extraction. The FIB sample is depicted in Fig. 3c. Fig. 3d-e displays the SEM morphologies of the sample prepared by FIB. The bilayer of the interphase with dense adhesion can be observed on the SiC f material. Furthermore, it has been observed that the interphase can be divided into three regions, denoted as f, g, and h arranged in ascending order from the bottom to the top. To validate the microstructure in each specific region, TEM with energy-dispersive X-ray spectroscopy (EDS) is employed to examine the composition, as depicted in Fig. 3f-k and outlined in Table 1.

As shown in Fig. 3i-k and Table 1, area f is primarily comprised of Si (52%) and C (46%), with a negligible amount of Ti (0.15%). Its HRTEM image exhibits a polycrystalline structure characterized by a grain plane spacing of 0.25 nm. This spacing corresponds to the (111) crystalline planes of β-SiC grains. The electron diffraction rings inside Fig. 3f are attributed to the crystalline grains of β-SiC.

Differently from area f, the elemental composition in area g is with Ti of 47% and C of 48%, with a minor presence of Si (2.67%). This composition suggests that the layer primarily comprises the titanium carbide (TiC) phase. The inner layer TiC on the SiC f shows columnar crystal morphology. The area h exhibits two distinct crystal structures, as depicted in Fig. 3h 1 -h 2 . Fig. 3h 1 displays a crystal face spacing of 0.23 nm in the grains, while the crystal face spacing of the polycrystalline diffraction rings is 0.23 nm and 0.26 nm, respectively. This observation infers the presence of the Ti 3 SiC 2 phase. The crystal plane spacing in Fig. 3h 2 is 0.2 nm, indicating the (202) crystal plane of the Ti 5 Si 3 phase. In addition, as listed in Table 1, the composition of the area h is with Ti of 49%, Si of 34%, and C of 14%. This composition with the elemental ratios agrees with the compounds Ti 3 SiC 2 and Ti 5 Si 3 . Hence, the SiC f /Ti 3 SiC 2 composites demonstrate a bilayer structure comprising an internal phase of TiC and an external amalgamation of Ti 3 SiC 2 and Ti 5 Si 3 . Fig. 3 The SEM images (a-c), TEM images (d-h) and EDS elemental mapping (ik) images of SiC f /Ti 3 SiC 2 .

Table 1 The elemental composition of three areas in Fig. 3e which infers a significant degree of wettability. Furthermore, it's worth noting that the lamellar structure of Ti 3 SiC 2 is present in the outer layer. However, this particular lamellar structure is not observed in Fig. 3, which implies that the pyrolysis process promotes the formation of Ti 3 SiC 2 . 7a, during the PIP method, the SiC matrix is simultaneously deposited on the silicon carbide fibers and CNTs. Nevertheless, it can be observed from Fig. 7c that the density of the network of CNTs gradually decreases from the interior to the outside of the fiber surface. Consequently, the CNTs closing to the fiber surface experience more rapid densification, which forms a SiC sheath layer. However, due to the limited effective reactive area and the significant amount of free space, the carbon nanowires far away from the fiber surface do not achieve complete densification. This leads to the formation of dendritic structures composed of SiC rods, as depicted in Fig. 7b.

As depicted in Fig. 7a, the surface of SiC f /SiC exhibits a high density. However, the internal densification is relatively low, resulting in the presence of numerous holes of varying sizes. Additionally, CNTs are randomly oriented on the micrometer-sized SiC rods. Nevertheless, the effective filling of pores between these SiC rods has not been achieved. The problem might be attributed to the excessive density of carbon nanowires within the prefabricated SiC f /SiC composites, as well as the rapid densification of the material's surface layer during the PIP process. This early formation of a "crust" hinders sufficient reactive penetration of the matrix.

Furthermore, Fig. 7c infers that the interfacial layer has a persistent bilayer structure.

Upon examination under magnification, as seen in Fig. 7d, it is observed that the outer layer likewise exhibits a characteristic lamellar structure consistent with that of Ti 3 SiC 2 . as presented in Table 3, it may be inferred that zone 1 corresponds to the SiC f phase.

Zone 2 mostly consists of Ti and C, with a limited presence of Si elements. This composition suggests that the primary phase in this zone is TiC. The interplanar distance of the grain surface spacing is measured to be 0. 
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Fig. 1

 1 Fig. 1 The schematic diagram of the synthesis process of SiC f /Ti 3 SiC 2 -CNTs/SiC

3. Results and discussion 3 . 1 .

 31 Fig. 2a displays X-ray diffraction (XRD) patterns of the original SiC fiber (SiC f )

  Fig. 2 (a) XRD patterns of raw SiC f and SiC f /Ti 3 SiC 2 , (b) XPS patterns of
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 432 Fig. 4 depicts the morphological characteristics of SiC f /Ti 3 SiC 2 -CNTs obtained

Fig. 5

 5 Fig. 5 SEM images of SiC f /Ti 3 SiC 2 /SiC composites

Fig. 7

 7 Fig. 7 SEM morphologies of the SiC f /Ti 3 SiC 2 -CNTs/SiC composites

  [START_REF] Feng | Fabrication of SiCf-CNTs/SiC composites with high thermal conductivity by vacuum filtration combined with CVI[END_REF] nm, corresponding to TiC (111) crystallographic plane, as observed in HRTEM morphology in Fig.8i. Zone 3 exhibits a substantial concentration of Ti and Si while demonstrating a relatively low presence of carbon. According to Fig.8j, the grain plane spacing in this region is 0.25 nm, agreeing with the (111) plane of TiSi 2 (JCPDS no.10-0225). The Si element starts to diminish in zone 4, signifying the presence of a transition phase consisting of TiSi 2 and TiC. According to Fig.8k, the grain surface spacing in Zone 5 is 0.24 nm. This spacing corresponds to the (103) plan of Ti 3 SiC 2 (JCPDS no.40-1132). In zone 6, the amount of C is comparatively greater than that observed in other zones due to the presence of CNTs. Additionally, it's worth noting that certain Fe particles can also be observed in zone 6 as depicted in Fig.8l. These particles are introduced into the system through the catalyst in CVD. The interphase observed in the SiC f /Ti 3 SiC 2 -CNTs/SiC composite exhibits greater complexity compared to that of SiC f /Ti 3 SiC 2 /SiC. Especially, the formation of a TiSi 2 phase in zone 3 and a transition phase of TiSi 2 /TiC phase in zone 4, which are not detected in the SiC f /Ti 3 SiC 2 /SiC composite.

Fig. 8

 8 Fig. 8 SEM (a-b) and TEM images (c-l) of SiC f /Ti 3 SiC 2 -CNTs/SiC composites

  This research provides a comprehensive investigation including the synthesis of MAX phase coatings and the characterization of the microstructure of the modified SiC f /SiC composites. The purpose of this study is to evaluate microstructural differences of interphases between SiC f /Ti 3 SiC 2 /SiC and SiC f /Ti 3 SiC 2 -CNTs/SiC composites. The findings can be briefly described in the following manner: (1) After molten-salt synthesis, a unique bilayer structure manifests on SiC f , wherein the inner layer consists of TiC while the outer layer comprises Ti 3 SiC 2 and Ti 5 Si 3 . (2) Following the CVD process, a CNTs vertical array with an average thickness of 7 µm can be formed on the SiC f /Ti 3 SiC 2 substrate. (3) The presence of the lamellar structures of Ti 3 SiC 2 has been seen in the SiC f /Ti 3 SiC 2 /SiC and SiC f /Ti 3 SiC 2 -CNTs/SiC composites, but not in either SiC f /Ti 3 SiC 2 or SiC f /Ti 3 SiC 2 -CNTs, which infers a further crystallization of Ti 3 SiC 2 through PIP process for adding SiC matrix.(4) The interphase observed in the SiC f /Ti 3 SiC 2 -CNTs/SiC composite is found to be more intricate compared to that of SiC f /Ti 3 SiC 2 /SiC. Especially, the creation of a TiSi 2 phase and a transition phase of the TiSi 2 /TiC phase is identified in the former composite, but these phases are not recognized in the latter one. This study presented a case study for analyzing the interphase region consisting of MAX phase and CNTs in SiC f -reinforced ceramic composites.

  

  

  

2.1. Materials

  

	Technology Co., Ltd. Sodium chloride (NaCl) and potassium chloride (KCl) powder,
	Xylene (C 8 H 10 ), ferrocene (C 10 H 10 Fe) were bought from Sinopharm Chemical
	Reagent Co., Ltd. Polycarbosilane (PCS) was bought from Hunan Boxiang New
	Material Co. LTD. Hydrogen (H 2 ), Acetylene (C 2 H 2 ), Argon (Ar) with a purity of
	99.99% were bought from Changsha Gaoke Gas Co. LTD.
	SiC f (Cansas 3303) was supplied by Xinli New Material Co., Ltd. Titanium
	powders (Ti, 325 mesh) were supplied by Beijing Licheng Innovation Metal Materials

  from EDS.

	f	0.15	51.82	45.96	SiC
	g	46.92	2.67	47.52	TiC
	h	49.55	33.91	13.65	Ti 3 SiC 2 , Ti 5 Si 3
			Atom Fraction/%		
	Area				Phase
		Ti	Si	C	

Table 2

 2 The elemental composition of four areas in Fig.6dfrom EDS.

	Region	Atom Fraction/%	Phase

Microstructure of SiC f /Ti 3 SiC 2 -CNTs/SiC composites

  Fig. 7 illustrates the morphologies of SiC f /Ti 3 SiC 2 -CNTs/SiC composites. As depicted in Fig.

Table 3

 3 The elemental composition of six areas in Fig.8cfrom EDS.

				Atom Fraction/%			
	Area						Phase
		Ti	Si	C	O	Fe	
	1	0.16	59.25	38.22	-	-	SiC
	2	55.01	1.62	31.30	8.70	0.11	TiC
	3	52.93	34.38	3.83	3.69	1.26	TiSi 2
	4	67.62	6.53	19.01	3.50	0.42	TiSi 2 /TiC
	5	20.40	30.93	33.05	9.15	4.43	Ti 3 SiC 2
	6	0.15	3.71	89.27	5.66	0.03	C, SiC
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