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Achieving simultaneously improved tensile strength and ductility of a nano-TiB 2 /AlSi10Mg composite produced by cold spray additive manufacturing
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The premature failure of components due to poor inter-particle bonding is the most critical issue in cold spray (CS) additive manufacturing. Herein, a hybrid strategy combining gas-atomization (involving in-situ reaction), CS, and post-friction stir processing was proposed to design a nano-TiB2/AlSi10Mg composite. Multiscale characterization in terms of X-ray diffraction and scanning and transmission electron microscopy was conducted to track microstructure evolution for understanding the mechanisms determining mechanical performance of the as-produced composites. The results showed simultaneous improvement in both ultimate tensile strength (365 ± 35 MPa) and ductility (16.0 ± 1.2 %), which represents a breakthrough. The strengthening and toughing mechanisms were attributed to the fine matrix grains with the significantly improved metallurgical inter-particle bonding, and the uniformly distributed TiB2 nanoparticles as reinforcement that was strongly bonded with the matrix (i.e. the formation of semi-coherent TiB2/Al interface). This study provides new guidance for hybrid additive manufacturing of metal matrix composites with high performance.

Introduction

Cold spray (CS), as a solid-state deposition technique for surface coating, has recently been defined as an unconventional additive manufacturing (AM) process to fabricate net-shaped components and to repair damaged parts [START_REF] Shuo Yin | Cold spray additive manufacturing and repair: Fundamentals and applications[END_REF][START_REF] Li | Solid-state additive manufacturing and repairing by cold spraying: A review[END_REF][START_REF] Shuo Yin | Advanced diamond-reinforced metal matrix composites via cold spray: properties and deposition mechanism[END_REF]. Unlike thermal spray and laser-based AM processes, CS uniquely relies on plastic deformation mechanisms of the highly accelerated micron-sized particles. Generally, the CS component is built layer-by-layer primarily through localized metallurgical bonding and mechanical interlocking, which corresponds to a relatively weak inter-particle (also called inter-splat) bonding [START_REF] Xie | New insights into the coating/substrate interfacial bonding mechanism in cold spray[END_REF][START_REF] Shuo Yin | Deposition behavior of thermally softened copper particles in cold spraying[END_REF][START_REF] Borchers | Microstructural bonding features of cold sprayed face centered cubic metals[END_REF]. Moreover, the localized work-hardening effect induced by the intensive plastic deformation of the particles significantly lowers its ductility, leading to a brittle feature of the CS deposit. Thus, very limited applications of CSAM have been exploited to structural load-bearing parts due to the unexpected premature failure.

So far, Al matrix composite (AMC) composites fabricated by CSAM have received increased attentions due to their high potentials for aircraft and marine applications. It has been widely accepted that certain mechanical properties (e.g. microhardness, wear performance) of the CS AMCs can be largely improved by properly integrating ceramic reinforcement particles into the Al matrix [START_REF] Meydanoglu | Microstructure, mechanical properties and corrosion performance of 7075 Al matrix ceramic particle reinforced composite coatings produced by the cold gas dynamic spraying process[END_REF][START_REF] Yu | Microstructure, mechanical property and wear performance of cold sprayed Al5056/SiCp composite coatings: effect of reinforcement content[END_REF][START_REF] Qiu | Microstructure, microhardness and tribological behavior of Al2O3 reinforced A380 aluminum alloy composite coatings prepared by cold spray technique[END_REF][START_REF] Yang | Electrochemical characterization and microstructure of cold sprayed AA5083/Al2O3 composite coatings[END_REF][START_REF] Li | A review of advanced composite and nanostructured coatings by solid-state cold spraying process[END_REF]. However, it is still challenging to obtain AMCs with high tensile performance owing to the poor bonding of the interfaces between Al matrix and ceramic particles and/or between inter-splats as well as some defaults (e.g. residual pores) within the composite deposits [START_REF] Tariq | Cold spray additive manufacturing: A viable strategy to fabricate thick B4C/Al composite coatings for neutron shielding applications[END_REF]. It was reported by Kumar et al. [13] that the CS SiC/Al composites were fractured at a very early stage with very low tensile strength and almost no ductility. The observation of fracture surface revealed a completely brittle feature with the fracture primarily occurred through poorly bonded interfaces of inter-splats and SiC/Al matrix.

Post-heat treatment (HT) and friction stir processing (FSP) are the most commonly used techniques to enhance mechanical properties of the CS components by improving the inter-particle bonding and reducing porosity and residual stress [START_REF] Shuo Yin | Cold spray additive manufacturing and repair: Fundamentals and applications[END_REF][START_REF] Shuo Yin | Annealing strategies for enhancing mechanical properties of additively manufactured 316L stainless steel deposited by cold spray[END_REF][START_REF] Coddet | On the mechanical and electrical properties of copper-silver and copper-silver-zirconium alloys deposits manufactured by cold spray[END_REF]. HT can partially heal the CS-induced defects through temperature-dependent atomic diffusion, while structure coarsening caused by high temperature often degrades the strength [START_REF] Coddet | On the mechanical and electrical properties of copper-silver and copper-silver-zirconium alloys deposits manufactured by cold spray[END_REF][START_REF] Huang | The effects of heat treatment on the mechanical properties of cold-sprayed coatings[END_REF][START_REF] Shuo Yin | Microstructure and mechanical anisotropy of additively manufactured cold spray copper deposits[END_REF]. Furthermore, the interfacial bonding between metallic particle and ceramic particle can hardly be improved via atomic diffusion by HT, resulting in very limited improvement in tensile properties of the CS AMCs [START_REF] Yang | Optimization of cold-sprayed AA2024/Al2O3 metal matrix composites via friction stir processing: Effect of rotation speeds[END_REF][START_REF] Yang | Cold sprayed AA2024/Al2O3 metal matrix composites improved by friction stir processing: Microstructure characterization, mechanical performance and strengthening mechanisms[END_REF]. Comparatively, severe plastic deformation involved in the FSP process can further modify the microstructure in the nugget zone, which not only produces fine and equiaxed grains but also increases the metallurgical inter-particle bonding [START_REF] Huang | Microstructural evolution and mechanical properties enhancement of a cold-sprayed CuZn alloy coating with friction stir processing[END_REF] [START_REF] Wang | High-performance bulk pure Al prepared through cold spray-friction stir processing composite additive manufacturing[END_REF]. (should be [START_REF] Huang | Microstructural evolution and mechanical properties enhancement of a cold-sprayed CuZn alloy coating with friction stir processing[END_REF][START_REF] Wang | High-performance bulk pure Al prepared through cold spray-friction stir processing composite additive manufacturing[END_REF]) For instance, post-FSP has significantly increased the ultimate tensile strength (UTS) and elongation of CS pure Al by around 45% and 1336%, respectively [START_REF] Wang | High-performance bulk pure Al prepared through cold spray-friction stir processing composite additive manufacturing[END_REF]. Another advantage of post-FSP is to break down and then more homogenously redistribute the reinforcement particles in some AMCs. As a result, the strengthening effect of the second-phase particles is enhanced. For instance, it was found, in the CS SiC/5056Al composites, that the post-FSP resulted in the fine microstructure containing the redistributed and refined reinforcement particles, which was accompanied with improved hardness and wear performance [START_REF] Hodder | Fabrication of aluminum-alumina metal matrix composites via cold gas dynamic spraying at low pressure followed by friction stir processing[END_REF][START_REF] Huang | Modification of a cold sprayed SiCp/Al5056 composite coating by friction stir processing[END_REF][START_REF] Huang | Effect of tool rotation speed on microstructure and microhardness of friction-stir-processed cold-sprayed SiCp/Al5056 composite coating[END_REF]. However, to the authors' best knowledge, unlike the CS pure Al [START_REF] Wang | High-performance bulk pure Al prepared through cold spray-friction stir processing composite additive manufacturing[END_REF], the currently available results only showed limited improvement in strength-ductility trade-off for AMCs by the post-FSP. For example, post-FSP conditions were tentatively optimized to further improve tensile properties of the CS Al2O3/2024Al composite using mechanically mixed composite powder [START_REF] Yang | Optimization of cold-sprayed AA2024/Al2O3 metal matrix composites via friction stir processing: Effect of rotation speeds[END_REF][START_REF] Yang | Cold sprayed AA2024/Al2O3 metal matrix composites improved by friction stir processing: Microstructure characterization, mechanical performance and strengthening mechanisms[END_REF]. However, the strength-ductility tradeoff issue has not been solved mainly due to the presence of large Al2O3 particles and poor Al2O3/Al interfacial bonding induced by mechanical blending. Hence, it is considered that the selection of proper size and type of reinforcement in powder feedstock for CS is also critical in determining the final microstructure and properties tailored by FSP.

In the present work, a hybrid AM strategy combining gas-atomization (involving in-situ reaction), CS and post-FSP was proposed and validated and was used to design new AMCs with concurrently improved tensile strength and ductility. A specially designed Al matrix composite powder reinforced with in-situ formed TiB2 particles was used as the feedstock to fabricate AMCs components by CSAM. By using such a specially designed composite powder, it is expected to solve the abovementioned major problems, like uneven distribution of reinforcements and poor interfacial bonding, involved in traditional CS process. Followed by CS, FSP treatment was applied to modify the microstructure, reduce the defects, and improve the mechanical property of the CS TiB2/AlSi10Mg composites. Balanced UTS (365 MPa) and ductility (elongation of 16.0 %) were simultaneously achieved in the final composite. The strengthening mechanisms of the AMCs related to the microstructure evolution were discussed in detail.

Experimental details 2.1 CS deposition and FSP treatment

A specially designed 7.0 wt. % TiB2/AlSi10Mg composite powder was produced by in-situ chemical reaction using the mixed K2TiF6 and KBF4 salts in molten Al followed by gas atomization. Details about the processing parameters and conditions were reported elsewhere [START_REF] Peng | Selective laser melting of nano-TiB2 decorated AlSi10Mg alloy with high fracture strength and ductility[END_REF][START_REF] Xie | Cold spray additive manufacturing of metal matrix composites (MMCs) using a novel nano-TiB2reinforced 7075Al powder[END_REF]. The chemical composition of the powder is 9.81 wt.% Si, 0.32 wt.% Mg, 7.0 wt.% TiB2 (∼4.3 vol.%) with Al balance, measured through inductively coupled plasma atomic emission analysis (ICP-AES). The composite powder as well as the pure AlSi10Mg powder after sieving were used as the feedstocks for CS.

A homemade helium circulation CS system (LERMPS, UTBM, France) was used to build a component with over 2.5 mm thick onto grit-blasted Al substrates (140×80×4 mm). Helium was used as the propellant and carrier gases with an inlet pressure and temperature of 1.8 MPa and 320 °C, respectively. Nozzle standoff distance and traverse speed were set to 30 mm and 100 mm/s, respectively. Post-FSP was done using a commercial friction stir welding machine (FSW-RL31-010, Beijing FSW Technology Co., Ltd, China), equipped with an H13 steel stir-tool with a threaded pin of 3.5 mm in root diameter and 2.0 mm in length, and a concave shoulder of 10 mm in diameter.

Rotation and traverse speeds were set to 1500 rpm and 500 mm/min, respectively. The tool was set to a 2.5° tilt angle to avoid surface defects. The as-acquired samples are shown in Fig. 1a. The same CS and FSP processes were applied to the gas-atomized AlSi10Mg powder (without TiB2 particles) for comparison.

Materials characterization

The as-sprayed deposits before and after FSP treatment as well as powders were examined by an X-ray diffractometer (Siemens D5000, Germany) with the Co (λ =1.78897 Å) source at a current of 40 mA, a voltage of 35 kV and scan step of 0.02°.

Polished cross-sectional microstructures of the samples were observed using an optical microscope (Nikon, Japan) and a scanning electron microscope (SEM) equipped with an energy-dispersive spectroscopy unit (JSM5800LV, JEOL, Japan). Average porosities of samples were determined by analyzing five cross-sectional images using ImageJ software (ImageJ, NIH, Bethesda, Md.). To clearly observe the microstructure, specimens were polished and etched at room temperature using Kroll's reagent (3ml HF + 6ml HNO3 + 100ml H2O). Another SEM instrument (JSM7800F, JEOL, Japan) equipped with an EBSD detector from Oxford instruments was employed to reveal information about grain structure. Samples for SEM/EBSD characterization were prepared by mechanical polishing and final surface iron milling using a Fischione instruments model 1060 miller. EBSD measurements were conducted on the crosssections of deposits at an electron energy of 25 KeV and with a step size of 100 nm. An FEI Tecnai G2 microscope, operating at 200 kV, was used for transmission electron microscopy (TEM) characterization. Cross-sectional TEM samples were prepared by mechanical polishing followed by final ion milling using a Gatan Model 691 precision ion polishing system. Microhardness measurements were performed on the cross-section of the deposits using a Vickers hardness indenter (Leitz, Germany) with a load of 100g for 15s. Ten measurements for each sample were conducted to have an average value. A mediumsized tensile specimen, with the width in the gauge section of 2 mm, total length of 37 mm and thickness of 2 mm, was tested using a Zwick/Roell Z100 machine at a strain rate of 1 mm/min. The location and the dog-bone specimen size are shown in Fig. 1b. 

Results

Composite powder characterization

As shown in Fig. 2a, the gas-atomized composite powder exhibits a near-spherical shape having an average particle size of 37 μm (see Fig. 2c). Apart from a few residual particle clusters as marked by red circles in Fig. 2b, the fine TiB2 reinforcement particles are homogeneously distributed within the composite particle. A close look (Fig. 2d) reveals that the TiB2 nanoparticles tend to be segregated at the α-Al grain boundaries along with the well-connected network of eutectic Si particles (Fig. 2b andd). The equiaxed Al grains in the matrix are in the size ranging from 1 to 5 μm with an average of around 2.6 μm (Fig. 2e andf). 

Phase composition

Fig. 3a andb display the XRD patterns of the pure AlSi10Mg and TiB2/AlSi10Mg composite powders, deposits before and after FSP treatment. The composition phases, including α-Al, Si, and Mg2Si, in the as-sprayed AlSi10Mg powder, were well preserved in the CS and FSP treated samples. In addition to these three phases, peaks corresponding to the TiB2 phase can be observed on the composite patterns. Moreover, XRD patterns of the pure AlSi10Mg and TiB2/AlSi10Mg composite samples show that Si peaks of FSP treated samples have higher intensities than those in the as-sprayed state. This indicates a significant decrease of Si solid solubility in Al caused by the thermal effect during FSP, as the temperature in the stir zone can be of the order of 80 % of the melting temperature of the Al alloys [START_REF] Rajiv S Mishra | Friction stir welding and processing[END_REF]. 

Microstructure evolution

Fig. 4a andb show the microstructure with visibly deformed splat morphology of the CS pure AlSi10Mg and TiB2/AlSi10Mg composite deposits, respectively. The evidence of inter-splat boundaries as well as some small pores located in the junction areas clearly indicate the weak metallurgical inter-particle bonding due to insufficient plastic deformation, the fundamental weakness of CS even though helium was used as the propellant gas. The porosity measurements yield around 0.35% and 0.24% for the pure AlSi10Mg and TiB2/AlSi10Mg composite deposits, respectively. The magnified images in Fig. 5a and b demonstrate the eutectic Si particles around α-Al grains, which are well preserved from the initial powders. In addition to the eutectic Si particles, finer dispersed Si nanoparticles precipitated from the supersaturated Al matrix are also presented due to the thermal softening effect during CS. The clusters and uneven distribution of the TiB2 nanoparticles in the initial powder are retained in the CS composite component (Fig. 4b and Fig. 5b). The TEM image in Fig. 8a (description of Fig. 8 is before figures 6 and 7 ???) confirms that TiB2 clusters and nanoparticles are primarily dispersed at grain boundaries, while the Si nanoparticles are located not only at grain boundaries but also inside the α-Al cells. Based on the EBSD orientation maps (Fig. 6a andb), both the CS pure AlSi10Mg and TiB2/AlSi10Mg composite samples display bimodal grain size distributions containing a large number of ultrafine gains at the inter-particle boundaries and deformed micron-sized grains within the particles (see Fig. 7a andb). Formation of these ultrafine grains can be attributed to the dynamic recrystallization via dislocation accumulation and sub-grain rotation at a high strain-rate during high-velocity particle impact [START_REF] Liu | Formation of refined grains below 10 nm in size and nanoscale interlocking in the particle-particle interfacial regions of cold sprayed pure aluminum[END_REF][START_REF] Zou | Dynamic recrystallization in the particle/particle interfacial region of coldsprayed nickel coating: electron backscatter diffraction characterization[END_REF][START_REF] Cavaliere | Mechanical and microstructural behavior of nanocomposites produced via cold spray[END_REF]. Nevertheless, both the CS pure AlSi10Mg sample and TiB2/AlSi10Mg composite sample have average grain sizes of about 1.5 µm.

Comparatively, Fig. 4c andd show that the FSP treated samples in the nugget zone are fully dense without visible pores (porosity less than 0.2%) and inter-splat boundaries, indicating the enhanced metallurgical bonding. Eutectic Si structure in the as-sprayed state disappeared and presented as nanosized Si individual particles after FSP treatment. According to EBSD maps shown in Fig. 6c andd, both the deposits display a homogenous structure containing equiaxed fine grains. A homogeneous structure is commonly observed in the FSP treated samples, which can be explained by the continuous dynamic recrystallization, in which a continuous introduction of strain is coupled with rapid recovery and the migration of sub-grain/boundaries [START_REF] Darzi Bourkhani | Through-thickness inhomogeneity in microstructure and tensile properties and tribological performance of friction stir processed AA1050-Al2O3 nanocomposite[END_REF][START_REF] Gopalakrishnan | Production and wear characterisation of AA 6061 matrix titanium carbide particulate reinforced composite by enhanced stir casting method[END_REF].

During FSP, the material in the stir zone experienced severe deformation, which continuously induced a very high density of dislocations. With the continued deformation, the stored energy contained in these dislocations drove the dynamic recovery and recrystallisation processes. The composite sample has an average size of about 1.4 μm, which is slightly smaller than that of the pure AlSi10Mg sample (~1.6 μm). The more refined grains of the composite sample may be due to the presence of TiB2 nanoparticles, which can prevent the migration of dislocations and recovery process.

As shown in Fig. 4d andFig 9b andc). This OR is consistent with previous literature [START_REF] Paul | Crystallography of engulfed and pushed TiB2 particles in aluminium[END_REF][START_REF] Ma | Atomic-scale investigation of the interface precipitation in a TiB2 nanoparticles reinforced Al-Zn-Mg-Cu matrix composite[END_REF]. The overall semi-coherent TiB2/Al interface due to the in-situ chemical reaction in the melt contributed to the formation of the high interfacial bonding [START_REF] Ma | Atomic-scale investigation of the interface precipitation in a TiB2 nanoparticles reinforced Al-Zn-Mg-Cu matrix composite[END_REF]. 

Mechanical properties

Microhardness

Fig. 10 illustrates the microhardness values measured on the cross-section of the CS and CS+FSP treated samples. The microhardness of the as-sprayed AlSi10Mg deposit is about 139±4HV0.1, which is two times that of the as-casted (67 HV0.1) [START_REF] Zyguła | Mechanical properties and microstructure of AlSi10Mg alloy obtained by casting and SLM technique[END_REF]. This significant increment in microhardness can be explained by the enhanced work hardening effect as a result of severe plastic deformation of the particles during CS deposition. Since He was used in this study to accelerate the particles to a very high velocity, the particles would be largely deformed and lead to a large amount of residual stress and dislocations within the matrix, which contribute significantly to increase the microhardness in the as-sprayed state. The as-sprayed composite deposit reaches a higher value of 179±5 HV0.1, showing about 22% increment compared to that of the pure AlSi10Mg deposit. The increased microhardness in composite deposit should be attributed to the uniformly distributed TiB2 particles in the Al matrix. The microhardness of the composite deposits in the stir zone is about 110±3 HV0.1, which is much higher than that of the pure AlSi10Mg sample (82 HV0.1) due to the reinforcement of nano/micro TiB2 particles. Nevertheless, the microhardness of the FSP treated samples show a significant decrement compared to the as-sprayed states. Since the grain size changed a little after FSP treatment, residual stress relaxation induced by the thermal softening effect and recovery process should be mainly responsible for the decreased microhardness.

Tensile properties

As shown in Fig. 11a, CS samples (the AlSi10Mg alloy and the TiB2/AlSi10Mg composite) prematurely failed (elongation < 1.0%) due to the poor inter-splat bonding and enhanced work hardening effect, which is commonly observed in most CS samples [START_REF] Shuo Yin | Microstructure and mechanical anisotropy of additively manufactured cold spray copper deposits[END_REF][START_REF] Wei | Solidstate additive manufacturing high performance aluminum alloy 6061 enabled by an insitu micro-forging assisted cold spray[END_REF]. The post-FSP led to a dramatic improvement in UTS and elongation of both materials to 295 ± 30 MPa and 21 ± 0.8 % for the AlSi10Mg alloy, and 365 ± 35 MPa and 16 ± 1.2 % for the TiB2/AlSi10Mg composite. The composite also exhibited a slightly higher work hardening capacity than the AlSi10Mg sample during plastic deformation before yielding point (Fig. 11b). Compared with many other CS and posttreated AMCs reported in the literatures displaying the strength-ductility trade-off, the present result shows an outstanding balance of strength and ductility, representing a breakthrough for this type of composite materials as shown in Fig. 11c.

The typical fracture surfaces of both CS samples show primary brittle fracture along with inter-splat interfaces and the intergranular fracture (as exemplified in Fig. 12a andd), while those of both post-FSP samples show the highly ductile rupture mode dominated by fine dimples (Fig. 12b andc). The dimple size (a few microns) is related to the grain size as Grain boundaries act as sites for crack nucleation to control the size of the dimples. The dimple size of the composite is slightly smaller than that of the AlSi10Mg alloy, agreeing with the statistical distributions of grain size (Fig. 7c andd).

The dispersed TiB2 and Si nanoparticles refined the recrystallized grains by promoting grain nucleation and hindering grain coarsening, while the additional effect of TiB2 nanoparticle is limited in the composite. The fact that the nanoparticles are visible at bottoms of the dimples suggests the ductile rupture by decohesion of the Si/Al and/or TiB2/Al interfaces. 

AMCs

For a certain MMC, it is well established that the final mechanical properties depend largely on the following four factors [START_REF] Peng | Selective laser melting of nano-TiB2 decorated AlSi10Mg alloy with high fracture strength and ductility[END_REF][START_REF] Mehdi Rahimian | Investigation of particle size and amount of alumina on microstructure and mechanical properties of Al matrix composite made by powder metallurgy[END_REF][START_REF] Saravanan | Effect of particulate reinforced aluminium metal matrix composite-a review[END_REF]: i) interior defect level; ii) matrix texture and grain size; ii) reinforcement particle size and distribution; and iv) interfacial bonding state between the reinforcement particle and the matrix. Here, as illustrated in Fig. 13, we are trying to establish the relationship between these factors and mechanical properties of CS AMCs prepared by different methods. Importantly, free of any processing defects is the starting point before the correlation between microstructure (e.g. grain structure and TiB2 particles) and properties can be properly done. Generally, a higher particle impact velocity leads to enhanced plastic deformation and metallic bonding of the deformed splats in CS process. However, there are still some interior defects, such as pores and poor intersplat boundaries, presented in the as-sprayed state even though helium was used as the propellent gas. Considering that a fracture could primarily take place around these defects, it is vitally important to obtain a fully dense and defect-free structure. HT can partially heal micro-pores and tightly bonded inter-splat interfaces though atomic diffusion. It should be emphasized that the post-FSP treatment effectively altered the prominent mechanical interlocking in the CS state to the full metallurgical inter-splat bonding. Significant improvement of tensile properties, particularly the ductility, of both the AlSi10Mg alloy and the TiB2/AlSi10Mg composite after post-FSP (Fig. 11) witnesses the elimination of such defects, introduced by CS. Accordingly, it promoted the transition from the brittle to ductile fracture mode in the post-FSP samples (Fig. 12), whatever the TiB2 reinforcement particles get involved or not.

The microstructure of the initial composite powder can be well preserved in the CS deposit except that high strain stress and numbers of fine grains were generated near highly deformed inter-splat boundaries. These ultrafine grains and the localized work hardening effect could increase the microhardness and strength of the CS deposit, but remarkably reduce the ductility. During FSP, the material in the SZ (did you define SZ before?) experienced severe deformation, which continuously drove the dynamic recovery and recrystallisation processes. Compared to the as-sprayed state, a homogenous structure with fine grains (0.5-3 µm) and more uniformly distributed residual stress were obtained for both the pure AlSi10Mg and TiB2/AlSi10Mg composite samples after FSP treatment (Fig. 6 c andd). More importantly, the vigorous stirring action of the rotating tool fractured the clusters (agglomerated TiB2 nanoparticles) into homogeneously distributed individual TiB2 nanoparticles in Al matrix [START_REF] Hb Michael Rajan | Influence of friction stir processing on microstructure and properties of AA7075/TiB2 in situ composite[END_REF]. It should be highlighted that post-FSP treatments of CS AMCs in the previous studies failed to fracture the micron-scaled reinforcement particles into nanoscales using the mechanical blended mixtures [START_REF] Yang | Optimization of cold-sprayed AA2024/Al2O3 metal matrix composites via friction stir processing: Effect of rotation speeds[END_REF][START_REF] Yang | Cold sprayed AA2024/Al2O3 metal matrix composites improved by friction stir processing: Microstructure characterization, mechanical performance and strengthening mechanisms[END_REF].

As revealed by TEM images (Fig. 9), the robust interfacial bonding between the reinforcement particle and Al matrix was successfully induced by using the gas atomized in-situ TiB2/AlSi10Mg composite powder. Such a semi-coherent interface cannot be achieved by CS of mechanical blended powders even after FSP treatment.

That is to say the initial state of the composite powder is of great necessary to achieve the designed mechanical performance. Therefore, the abovementioned four critical issues for producing AMCs were successfully overcome by CS of gas-atomized composite powder followed by post-FSP.

Possible strengthening and toughening mechanisms

To understand the strengthening behavior of TiB2 nanoparticles in the composites, several aspects should be considered, e.g. the dispersion of TiB2 nanoparticles, grain refinement induced by TiB2 particles, load transfer between TiB2 nanoparticles and Al matrix. The homogenous fine-grained structure decorated by the uniformly distributed TiB2 nanoparticles is highly beneficial for the enhancement of both tensile strength and ductility. This is because the TiB2 clusters formed in the initial powder (Fig. 1) and almost remained in the CS component (Fig. 4) can result in stress concentration that significantly degrades ductility. The TiB2 nanoparticles homogeneously redistributed inside the micron-sized grains in the matrix at the post-FSP state increased the effectiveness of the Orowan strengthening ( Orowan σ ∆

). The contribution from the dispersed TiB2 nanoparticles is estimated by the following equation [START_REF] Liu | Nanostructured highstrength molybdenum alloys with unprecedented tensile ductility[END_REF]:

2 2 , , 0.13 ln 2 σ σ λ   ∆ ≈ ∆ =     p TiB m Orowan Orowan TiB d G b b (1) 2 2 1/3 , , 1 1 2V λ 
      = -           p TiB p TiB d (2) 
Where m G and b are the shear modulus of the matrix (~26.5 GPa) and the Burgers vector (~0.286 nm) [START_REF] Peng | Selective laser melting of nano-TiB2 decorated AlSi10Mg alloy with high fracture strength and ductility[END_REF] [45], respectively. The contribution by grain refinement (Hall-Petch equation) can be expressed as follows [START_REF] Gutierrez-Urrutia | Contribution of microstructural parameters to strengthening in an ultrafine-grained Al-7% Si alloy processed by severe deformation[END_REF]:

1 1 2 2 Hall-Petch 0 σ - -   ∆ = -     k d d ( 3 
)
where k is a constant ( ~50 MPa/√(µm)) [START_REF] Gutierrez-Urrutia | Contribution of microstructural parameters to strengthening in an ultrafine-grained Al-7% Si alloy processed by severe deformation[END_REF], d and 0 d are the average grain size of the composite and unreinforced AlSi10Mg sample, respectively. Using the average grain sizes obtained from the SEM/EBSD analyses (Fig. 7c andd), the strengthening effect due to further grain refinement is estimated to be only 2.73 MPa in the composite sample.

Moreover, our TEM results (Fig. 9b andc) show the OR between the TiB2 nanoparticle and Al matrix, suggesting the strong TiB2/Al interfacial bonding, which ensures an effective load transfer from matrix to nanoparticles [START_REF] Peng | Selective laser melting of nano-TiB2 decorated AlSi10Mg alloy with high fracture strength and ductility[END_REF][START_REF] Hb Michael Rajan | Influence of friction stir processing on microstructure and properties of AA7075/TiB2 in situ composite[END_REF]. The loadbearing mechanism is in this case responsible for the improved tensile strength of the composite. It can be described as below [START_REF] Vc Nardone | On the strength of discontinuous silicon carbide reinforced aluminum composites[END_REF]:

2 , 1.5 σ σ ∆ = load p TiB i V (4) 
According to the previous study [START_REF] Peng | Selective laser melting of nano-TiB2 decorated AlSi10Mg alloy with high fracture strength and ductility[END_REF], the bonding strength between the nano-particles and the Al-Si matrix σ i can be estimated to be around 676 MPa. Thus, the contribution due to the load-bearing mechanism leads to an increment in the strength of around 36.5 MPa in the composite sample. Compared with the post-FSP AlSi10Mg sample, the total increment of tensile strength is around 70 MPa in the post-FSP composite (Fig. 11a). This was attributed to the Orowan strengthening and load-bearing mechanisms promoted by the dispersed TiB2 nanoparticles.

The enhanced ductility in the post-FSP composite sample may be explained as follows: i) the presence of a large number of Grain boundaries in the fine-grained matrix (0.5-3 µm) contributed to the enhancement of plastic flow and ductility by providing a tortuous path for the crack propagation during yielding and necking processes [START_REF] Bauri | Tungsten particle reinforced Al 5083 composite with high strength and ductility[END_REF]. ii)

Both the dispersed TiB2 and Si nanoparticles promote dislocation plasticity and storage during deformation increasing the work hardening rate of the composite (Fig. 11b). The increased work hardening rate offers a uniform deformation capability equivalent to that of the matrix, thereby enhancing the ductility of the composite [START_REF] Peng | Selective laser melting of nano-TiB2 decorated AlSi10Mg alloy with high fracture strength and ductility[END_REF][START_REF] Liu | Nanostructured highstrength molybdenum alloys with unprecedented tensile ductility[END_REF]. iii) The presence of an OR between intragranular TiB2 nanoparticles and the Al matrix (Fig. 9c) may also help diminish stress localization and early fracture [START_REF] Liu | Nanostructured highstrength molybdenum alloys with unprecedented tensile ductility[END_REF]. Therefore, introducing the uniform dispersion of TiB2 nanoparticles in the grain interior is an effective approach to increase the strength and simultaneously improve the ductility of the composites, because they can generate, pin down, and thus accumulate dislocations within the grains [START_REF] Zhou | The nano-sized TiC particle reinforced Al-Cu matrix composite with superior tensile ductility[END_REF][START_REF] Wu | A nanostructural design to produce high ductility of high volume fraction SiCp/Al composites with enhanced strength[END_REF][START_REF] Zhou | Simultaneously increasing the strength and ductility of nano-sized TiN particle reinforced Al-Cu matrix composites[END_REF].

Conclusions

In this study, a novel gas-atomized composite powder reinforced with in-situ TiB2 particles was used as the feedstock to fabricate TiB2/AlSi10Mg composite using CS followed by post-FSP treatment. The following conclusions can be drawn:

(1) The CS TiB2/AlSi10Mg composite deposits displayed a dense structure with some TiB2 clusters distributed in the Al matrix.

(2) Both the as-sprayed pure AlSi10Mg and TiB2/AlSi10Mg composite deposits possessed high tensile strength but almost no ductility due to the limited metallurgical bonding and work hardening effect.

(3) FSP treatment altered the inter-splat bonding conditions from interlocking or partially metallurgical bonding in the as-sprayed state to a fully metallurgical bonding state.

(4) Simultaneous enhancement in tensile strength and ductility of the CS TiB2/AlSi10Mg composite has been achieved by FSP treatment via redistributing and refining of TiB2 nanoparticles and enhancing interfacial bonding due to the in-situ chemical reaction during gas atomization.

Fig. 1 (

 1 Fig. 1 (a) Photograph of the as-sprayed TiB2/AlSi10Mg composite parts before and after FSP treatment. (b) Schematic diagram of FSP and dimension size of the samples used for tensile testing.

Fig. 2

 2 Fig. 2 Microstructure of the gas-atomized TiB2/AlSi10Mg composite powder: SEM images showing (a) particles and (b) cross-sectional morphology of a typical particle; (c) particle size distribution measured by laser diffraction; (d) TEM bright-field (BF) image showing the distributions of TiB2 nanoparticles (marked by red arrow) and Si particles (marked by yellow allow); (e) cross-sectional SEM/EBSD orientation map of the composite particle (dark contrasts are indexed as TiB2 particle clusters) and (d) corresponding size distribution of Al grains.

Fig. 3

 3 Fig. 3 XRD patterns of the CS and FSP treated deposits: (a) AlSi10Mg; (b) TiB2/AlSi10Mg composite.

Fig. 4

 4 Fig. 4 SEM images showing the cross-sectional morphologies of the (a, b) CS and (c, d) CS+FSP samples in low magnification: (a) and (c) AlSi10Mg; (b) and (d) TiB2/AlSi10Mg composite.

  . 5d, the TiB2 clusters presented in the CS state were broken into fragments, resulting in more homogenous particle distribution. Close observation by TEM shows that the majority of TiB2 and precipitated Si nanoparticles are redistributed homogenously inside the Al grains (Fig. 8b). The well-defined ring patterns in Fig. 8c confirm the formation of Si nanoparticles in the ultrafine Al grain matrix. However, it is difficult to identify the TiB2 and possible Mg2Si particles due to their low quantity only contributing to satellite spots in the SAED pattern. The TEM image in Fig. 9a highlights that the TiB2 nanoparticles are tightly bonded with the Al matrix, showing one of the principal orientation relationships (ORs): [21 � 1 � 0] TiB 2 // [101]Al and (0001) TiB 2 //(1 � 11)Al (Fig.

Fig. 6

 6 Fig. 6 SEM/EBSD orientation maps of the (a, b) CS and (c, d) CS+FSP samples in high magnification: (a) and (c) AlSi10Mg; (b) and (d) TiB2/AlSi10Mg composite.

Fig. 7

 7 Fig. 7 Grain size distributions of the (a, b) CS and (c, d) CS+FSP samples according to EBSD analysis: (a) and (c) AlSi10Mg; (b) and (d) TiB2/AlSi10Mg composite.

Fig. 8 TEM

 8 Fig. 8 TEM BF images showing the TiB2 particle distributions of the TiB2/AlSi10Mg composite deposits (a) before and (b) after FSP treatment. (c) selected area electron diffraction (SAED) pattern of the post FSP sample where only Al and Si phases can be determined without ambiguity from the overlapped ring patterns

Fig. 10

 10 Fig. 10 Microhardness values of the CS and CS+FSP treated samples.

Fig. 11 (

 11 Fig. 11 (a) Tensile stress-strain curves for the AlSi10Mg alloy and the TiB2/AlSi10Mg composite at CS and after post-FSP. (b) Strain hardening rate as a function of true strain obtained from the tensile -strain curves. (c) Comparison of the ultimate tensile strength and elongation values of our samples with other AMCs processed by CS, CS + HT, CS + hot rolling (HR), and CS+FSP treatments[START_REF] Tariq | Cold spray additive manufacturing: A viable strategy to fabricate thick B4C/Al composite coatings for neutron shielding applications[END_REF][START_REF] Kumar | Microstructure and performance of cold sprayed Al-SiC composite coatings with high fraction of particulates[END_REF][START_REF] Yang | Optimization of cold-sprayed AA2024/Al2O3 metal matrix composites via friction stir processing: Effect of rotation speeds[END_REF][START_REF] Yang | Cold sprayed AA2024/Al2O3 metal matrix composites improved by friction stir processing: Microstructure characterization, mechanical performance and strengthening mechanisms[END_REF][START_REF] Xie | Cold spray additive manufacturing of metal matrix composites (MMCs) using a novel nano-TiB2reinforced 7075Al powder[END_REF][START_REF] Qiu | A hybrid approach to improve microstructure and mechanical properties of cold spray additively manufactured A380 aluminum composites[END_REF][START_REF] Gyansah | Materials Science Forum[END_REF][START_REF] Tariq | Thermo-mechanical post-treatment: A strategic approach to improve microstructure and mechanical properties of cold spray additively manufactured composites[END_REF][START_REF] Qiu | In-situ Sip/A380 alloy nano/micro composite formation through cold spray additive manufacturing and subsequent hot rolling treatment: Microstructure and mechanical properties[END_REF].

Fig. 12

 12 Fig. 12 SEM images showing the fracture surfaces of the CS TiB2/AlSi10Mg composite

1

 1 Insight into the key factors determining mechanical performance of CS

Fig. 13

 13 Fig. 13 Radar chart of defect level, reinforcement dispersion homogeneity, grain refinement, and interfacial bonding versus mechanical properties of CS AMCs prepared

  6 vol.%) and the average size of the TiB2 (~100 nm), respectively. λ is the interparticle spacing. As such, the calculated
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