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Introduction

Particulate reinforced Al matrix composites (P-AMCs) have been widely used in aerospace, automotive and other structural applications owing to their outstanding mechanical properties, such as high specific modulus and strength, superior wear, fatigue and creep resistances [START_REF] Ia Ibrahim | Particulate reinforced metal matrix composites-a review[END_REF][START_REF] Yang | Study on bulk aluminum matrix nano-composite fabricated by ultrasonic dispersion of nano-sized SiC particles in molten aluminum alloy[END_REF]. Among the different reinforcement particles integrated, such as Al 2 O 3 , SiC, TiC, TiN, TiB 2 , etc. [START_REF] Kok | Production and mechanical properties of Al2O3 particle-reinforced 2024 aluminium alloy composites[END_REF][START_REF] Farghalli A Mohamed | Creep behavior of discontinuous SiC Al composites[END_REF][START_REF] Asghar Tofigh | Application of the combined neuro-computing, fuzzy logic and swarm intelligence for optimization of compocast nanocomposites[END_REF][START_REF] Nan | The influence of particle size and particle fracture on the elastic/plastic deformation of metal matrix composites[END_REF][START_REF] Ruslan | Strengthening and grain refinement in an Al-6061 metal matrix composite through intense plastic straining[END_REF][START_REF] Shamsipour | Optimization of the EMS process parameters in compocasting of high-wear-resistant Al-nano-TiC composites[END_REF][START_REF] Cy Dan | Microstructure study of cold rolling nanosized in-situ TiB2 particle reinforced Al composites[END_REF], titanium diboride (TiB 2 ) was considered to be one of the ideal candidates to strengthen the Al (or Al alloys) matrix due to its high melting point (3173 K), hardness (2500 HV), modulus (565 GPa), and high tribological performance as well as effective grain refinement effect [START_REF] Cy Dan | Microstructure study of cold rolling nanosized in-situ TiB2 particle reinforced Al composites[END_REF][START_REF] Gotman | Fabrication of Al matrix in situ composites via self-propagating synthesis[END_REF][START_REF] Fan | Grain refining mechanism in the Al/Al-Ti-B system[END_REF][START_REF] Lü | In situ TiB2 reinforced Al alloy composites[END_REF][START_REF] Kumar | Tensile and wear behaviour of in situ Al-7Si/TiB2 particulate composites[END_REF]. So far, various processes have been developed to fabricate P-AMCs such as stir casting [START_REF] K_L Tee | In situ processing of Al-TiB2 composite by the stir-casting technique[END_REF][START_REF] Seyed | Microstructure and mechanical properties of Al-Al2O3 micro and nano composites fabricated by stir casting[END_REF], spray forming [START_REF] Yang | Microstructural characterization of in situ TiC/Al and TiC/Al-20Si-5Fe-3Cu-1Mg composites prepared by spray deposition[END_REF][START_REF] Lee | Effect of various processing methods on the interfacial reactions in SiCp/2024 Al composites[END_REF], self-propagating synthesis [START_REF] Gotman | Fabrication of Al matrix in situ composites via self-propagating synthesis[END_REF][START_REF] Cf Feng | In-situ synthesis of Al2O3 and TiB2 particulate mixture reinforced aluminium matrix composites[END_REF], powder metallurgy [START_REF] Wang | Characterization of a powder metallurgy SiC/Cu-Al composite[END_REF][START_REF] Mehdi Rahimian | The effect of particle size, sintering temperature and sintering time on the properties of Al-Al2O3 composites, made by powder metallurgy[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], friction stir processing (FSP) [START_REF] Uzun | Friction stir welding of SiC particulate reinforced AA2124 aluminium alloy matrix composite[END_REF][START_REF] Rajiv S Mishra | Friction stir processing: a novel technique for fabrication of surface composite[END_REF][START_REF] Ceschini | Effect of friction stir welding on microstructure, tensile and fatigue properties of the AA7005/10 vol.% Al2O3p composite[END_REF], selective laser melting (SLM) [START_REF] Chang | Selective laser melting of in-situ Al4SiC4+ SiC hybrid reinforced Al matrix composites: Influence of starting SiC particle size[END_REF][START_REF] Li | Selective laser melting of nano-TiB2 decorated AlSi10Mg alloy with high fracture strength and ductility[END_REF], etc. Among them, extra heating or even remelting are required in stir casting, powder metallurgy or SLM to acquire the P-AMCs components. This probably gives rise to problems like oxidation, excessive interfacial reaction and grain growth. Furthermore, FSP and spray forming process are not flexible for net-shape forming.

As an emerging powder deposition technique, cold spray (CS), also known as cold gas dynamic spray (CGDS), has experienced rapid development since being invented in 1980s [START_REF] Rc Dykhuizen | Gas dynamic principles of cold spray[END_REF] [START_REF] Assadi | Cold spraying-A materials perspective[END_REF]. CS is a unique solid-state material consolidation process enabling to produce high quality coatings and/or netshaped components using high kinetic energy [START_REF] Assadi | Cold spraying-A materials perspective[END_REF]. During the CS process, micron-sized particles are accelerated to supersonic velocity (300-1200 m/s) via expansion of a pressurized gas through a divergingconverging nozzle. High-velocity impact associated with severe plastic deformation of the particles can lead to successful bonding and coating build-up [START_REF] Assadi | Cold spraying-A materials perspective[END_REF][START_REF] Chen | Microstructure evolution and mechanical properties of maraging steel 300 fabricated by cold spraying[END_REF] . Owing to its unique low temperature feature, in comparison to laser or electron beam powder-bed additive manufacturing (AM) processes (e.g. SLM), the adverse effects of oxidation, phase transformation, and grain growth are expected to be minimized or avoided in the CS parts [START_REF] Li | On high velocity impact of micro-sized metallic particles in cold spraying[END_REF]. Besides, CS exhibits several other unique advantages including high production rate, unlimited component size and feasibility in repairing damaged parts [START_REF] Shuo Yin | Annealing strategies for enhancing mechanical properties of additively manufactured 316L stainless steel deposited by cold spray[END_REF]. These significant advantages make CS an idea technique for fabricating coating, repairing and AM of freestanding metal components, especially for temperature-sensitive materials [START_REF] Li | Solid-state additive manufacturing and repairing by cold spraying: A review[END_REF][START_REF] Shuo Yin | Cold spray additive manufacturing and repair: Fundamentals and applications[END_REF][START_REF] Rn Raoelison | Cold gas dynamic spray additive manufacturing today: Deposit possibilities, technological solutions and viable applications[END_REF][START_REF] Chen | Effect of hot isostatic pressing (HIP) on microstructure and mechanical properties of Ti6Al4V alloy fabricated by cold spray additive manufacturing[END_REF][START_REF] Xie | A novel approach for fabricating a CNT/AlSi composite with the self-aligned nacre-like architecture by cold spraying[END_REF].

To improve certain mechanical properties of Al (or Al alloys) matrix, various P-AMC coatings have been tentatively deposited by CS, such as SiC/Al-12Si [START_REF] Yandouzi | SiC particulate reinforced Al-12Si alloy composite coatings produced by the pulsed gas dynamic spray process: Microstructure and properties[END_REF], Al 2 O 3 /Al [START_REF] Irissou | Investigation of Al-Al 2 O 3 cold spray coating formation and properties[END_REF][START_REF] Spencer | The use of Al-Al2O3 cold spray coatings to improve the surface properties of magnesium alloys[END_REF], TiN/Al [START_REF] Li | Effect of vacuum heat treatment on microstructure and microhardness of cold-sprayed TiN particle-reinforced Al alloy-based composites[END_REF], SiC/Al5056 [START_REF] Yu | Microstructure, mechanical property and wear performance of cold sprayed Al5056/SiCp composite coatings: effect of reinforcement content[END_REF], TiB 2 /Al [START_REF] Chen | Fabrication and microstrain evolution of Al-TiB2 composite coating by cold spray deposition[END_REF], SiC/7075Al [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], TiB 2 /7075Al [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] etc.. In these studies, it has been demonstrated that the nature of feedstock powders has a direct influence on microstructure and properties of the CSprocessed samples. In general, both mechanically mixed/blended or ball-milled powders can have acceptable processability for P-AMC fabrication by CS. The mechanical mixing/blending has been commonly used for composite powder preparation due to its low cost and ease in operation [37-39, 41, 43]. By integrating ceramic particles into an Al matrix, microhardness, adhesion strength as well as tribological performance of the composite coatings are largely improved in comparison with the unreinforced counterparts. Meanwhile, some limits have also been revealed. Firstly, the size of ceramic reinforcement particles needs to reach a threshold value (over around 5 μm) in order to successfully disperse into composite coatings instead of running away with the gas flow [START_REF] Li | A review of advanced composite and nanostructured coatings by solid-state cold spraying process[END_REF]. In other words, it is technically difficult to achieve a composite coating reinforced with ultrafine or even nanosized particles.

Secondly, as the reinforcements are only located at the surface of the deformed matrix splats, the distribution of reinforcements can be considered as nonuniform. Furthermore, the poor bonding between the ceramic particles and metal matrix is another issue which can largely weaken the mechanical performance of the composite coatings. In order to improve both the distribution and interparticle bonding, additional post-treatments such as FSP and hot rolling process are often applied to CSprocessed P-AMCs [START_REF] Gyansah | Achieving strength-ductility synergy in cold spray additively manufactured Al/B4C composites through a hybrid post-deposition treatment[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] Yang | Optimization of cold-sprayed AA2024/Al2O3 metal matrix composites via friction stir processing: Effect of rotation speeds[END_REF].

Comparatively, the ball milling process is effective to improve the distribution of reinforcement particles and to enhance reinforcement/matrix interfacial bonding, for example in [START_REF] Chen | Fabrication and microstrain evolution of Al-TiB2 composite coating by cold spray deposition[END_REF], H. Chen et.al acquired Al nanocrystalline composite powders containing uniformly distributed TiB 2 nanoparticles (5-100 nm) via high energy ball milling for CS deposition. However, the milled powder experiences work hardening effect and grain refinement, which effectively increase its hardness to result in very low particle deposition efficiency during the following CS process [START_REF] Chen | Fabrication and microstrain evolution of Al-TiB2 composite coating by cold spray deposition[END_REF]. Therefore, higher processing gas temperatures and pressures are required to produce a composite coating using the ball-milled composite feedstocks. The expensive He was generally used as the propulsive gas, making this process less attractive for industrial applications [START_REF] Li | A review of advanced composite and nanostructured coatings by solid-state cold spraying process[END_REF]. Additionally, impurities like oxygen are inevitably introduced into composite powders during ball milling process, which can have an adverse impact on the metallic bonding of the deformed splats and mechanical performance of the composite coating. Therefore, a novel approach allowing to manufacture advanced P-AMC components via CS need to be further explored.

In this study, a novel in-situ nanosized TiB 2 reinforced Al-Zn-Mg-Cu (7075Al) composite powder (hereafter referred to in-situ TiB 2 /7075Al) was gas-atomized for CSAM. The use of such a composite powder was expected to solve the above-mentioned problems of uneven distribution of the reinforcement particles, poor reinforcement/matrix interfacial bonding, as well as low deposition efficiency of the ballmilled composite powders. CS deposition was carried out by varying processing conditions using three different CS systems. Microstructure and its evolution of the in-situ TiB 2 /7075Al composite powder and CS-processed components were systematically characterized in terms of X-ray diffraction (XRD), scanning (SEM) and transmission electron microscopy (TEM) and electron backscatter diffraction (SEM/EBSD). Microhardness and tensile properties of the components were evaluated, and the strengthening mechanisms relating to microstructural evidences were discussed.

Experimental procedures 2.1 In-situ composite powder fabrication

The TiB 2 /7075Al composite powder used in this study was synthesized via in-situ reaction followed by gas-atomization process. Firstly, pure Al with high purity (99.99%) was melted at 900 °C in a graphite crucible using an electrical resistance furnace. Then mixed salts of K 2 TiF 6 and KBF 4 according to an atomic ratio of Ti/2B were added into the molten Al. Meanwhile, mechanical stirring was conducted at 600 rpm for 15 min to promote the in-situ synthesis of TiB 2 particles in the Al matrix. Mg-Zn (99.99%, CHALCO) and Al-Cu master (99.99%, CHALCO) alloys were slowly added into the melt and homogenized for 10 min. Afterwards, the composite powders were produced using an in-house built atomization tower. The main chemical composition of the composite powder was 5.4 wt.% Zn, 1.5 wt.% Cu, 2.4 wt.% Mg, 0.15 wt.% Cr, 0.14 wt.% Fe, 7.0 wt.% TiB 2 (~4.2 vol.%) with Al balance based on inductively coupled plasma atomic emission analysis (ICP-AES). More details about the composite powder production process can be found elsewhere [START_REF] Chen | Novel composite powders with uniform TiB2 nano-particle distribution for 3D printing[END_REF]. The composite powder was sieved and the particles in the range 20 to 60 μm were selected for CS deposition. The gas atomized pure 7075Al powder (LERMPS) with a similar size distribution was also used as the feedstock for comparison. Table 1 gives the chemical composition of the pure 7075Al powder. 

Cold spray process

CS deposition was performed on 7075Al-T6 plate substrates in different processing conditions using three different CS systems. The main processing parameters used for CS deposition are listed in Table 2. All depositions were done using a standoff distance of 30 mm, traverse speed of 100 mm/s, and deposition angle of 90°. In order to obtain thick deposits (~2 mm), the nozzle trajectory was repeated more than 25 times for each deposition. Table 3 displays the dimensions and expansion ratios of the Laval nozzles equipped with the three CS systems. These processing parameters and nozzle dimensions were used for particle impact velocity and temperature simulation in the following section. 

Microstructure and mechanical property characterization

Phase composition of as-sprayed deposits and starting feedstock powders were examined using a Siemens D5000 XRD instrument using a Co (λ =1.78897 Å) source, operated at 40 mA and 35 kV.

Polished cross-sectional microstructure and surface morphology of deposits were characterized using a JEOL JSM5800LV SEM microscope equipped with an energy-dispersive spectroscopy (EDS) unit.

Porosities of the as-sprayed samples were measured by analysing optical microscopy images using ImageJ software. TiB 2 particle size distribution and its volume fraction in the as-sprayed deposits were also examined using ImageJ software based on SEM images. The flattening ratio of particle was obtained by measuring the longest length of the particle over the shortest length of the particle. The flattening ratio measurements on the initial powders and the deposits were performed using at least 35 particles per sample. A JEOL JSM7800F SEM microscope equipped with an EBSD detector from Oxford instruments was employed to obtain 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 cross sections of the feedstock particles and 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 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.

Vickers hardness was measured using a Leitz hardness indenter with the load of 300 g and indentation time of 25 s. 10 measurements were done at different locations to have an average value of each sample. Tensile tests were performed on a Zwick/Roell Z100 machine at a strain rate of 1 mm/min.

Before tensile tests, substrates were removed. A 2 mm thick tensile specimen with the width in the gauge section of 2 mm and total length of 37 mm was used. At least 3 samples were tested at each condition.

Numerical simulation of deposited particles

Numerical simulation of the particle velocities and temperatures at the different conditions was performed using the commercial ANSYS Fluent [START_REF] Xie | Investigation on the influence of particle preheating temperature on bonding of cold-sprayed nickel coatings[END_REF]. In order to save computing time, two-dimensional axisymmetric models were used for the three CS systems. More details of this CFD numerical model can be found in our previous work [START_REF] Xie | Investigation on the influence of particle preheating temperature on bonding of cold-sprayed nickel coatings[END_REF]. The inlet particle temperature and velocity were set to 25 °C and 25 m•s -1 , respectively. The densities of pure 7075Al and TiB 2 /7075Al composite powders were set to 2.81 and 2.88 g/cm 3 , respectively. Based on particle size distributions of the feedstocks, the average particle sizes of 33 and 37 μm were used to calculate particle impact velocity and temperature for pure 7075Al and TiB 2 /7075Al composite powders, respectively.

Results

Microstructure of the starting powders

Figs. 1 (a,b) and (c, d) show the overview and magnified surface morphologies of the pure 7075Al and TiB 2 /7075Al composite powders, respectively. Both powders display a spherical shape with some local micro-satellite structure, due probably to smaller melt droplets sticking to the surface of large ones during gas atomization. According to the laser diffraction sizer (Mastersizer 2000, Malvern Instruments

Ltd., UK), the 7075Al and TiB 2 /7075Al composite powders possess the similar particle size ranges with the average sizes of 33 and 37 μm, respectively (Fig. 1f). Fig. 1e shows the magnified view of a composite particle within the red boxed area in Fig. 1d. Clearly, the ultrafine TiB 2 particles (as marked by red arrows) are uniformly distributed on the composite particle surface. Furthermore, the cross-sectional BSE-SEM image in Fig. 2a reveals that these ultrafine TiB 2 particles (shown as red arrows) are also uniformly distributed inside the composite particle. As shown in the magnified BSE image (Fig. 2b), the TiB 2 nanoparticles and their agglomerations (indicated by red arrows) dispersed not only inside the Al grains (grey) but also along the grain boundaries (GBs, white). The evident atomic number contrast of these BSE images suggests a significant composition variation between the GBs and grain interior. The EDS mapping results (Figs. 2c-f) confirm some degree of solute segregation (Mg, Cu, Zn) at GBs and interdendritic regions within the initial powder.

SEM/EBSD characterization was carried out to further identify the microstructure of the gasatomized pure 7075Al and TiB 2 /7075Al composite powders. As shown in Fig. 3b, the pure 7075Al particle is featured by a cellular-like dendritic structure, due to the typical rapid solidification process during gas atomization [START_REF] Mr Rokni | Microstructural evolution of 7075 Al gas atomized powder and high-pressure cold sprayed deposition[END_REF][START_REF] Liu | Particle deformation and microstructure evolution during cold spray of individual Al-Cu alloy powder particles[END_REF]. In addition to some small grains, several large dendritic grains (over 7 µm in size) are found inside the pure 7075Al particle. The grain size of the pure 7075Al particle is in the range from 400 nm to 9 µm with an mean value of 4.8 µm (Fig. 3c). Comparatively, the micron-sized equiaxed crystals with random orientations are observed in the TiB 2 /7075Al composite particle (Fig. 3d and e). Fig. 3f shows that the grain size of the composite powder is in the range of 400 nm to 5 µm with an average size of 2.5 µm, much smaller than that of the pure 7075Al powder. The grain structure modification is likely caused by the influence of in-situ nano-TiB 2 particles on the solidification process, during which these TiB 2 nanoparticles serve as good nucleating agents, improving the nucleation rate of α-Al phase and refining the grains [START_REF] Fan | Grain refining mechanism in the Al/Al-Ti-B system[END_REF][START_REF] Chen | Novel composite powders with uniform TiB2 nano-particle distribution for 3D printing[END_REF]. The XRD patterns of the starting powders and CS components processed in the different conditions are presented in Fig. 4. In addition to the α-Al and TiB 2 phases, there is no significant difference in the XRD patterns between the powders and the corresponding deposited components, suggesting that no (or limited) formation of new phases occurred during the CS processes. It seems that the increased gas propelling temperature did not affect the phase composition of the components, even at the highest gas temperature of 550 °C used in C1 (see Table 2). 

Simulation results

The particle impact velocity and temperature are the most important factors in determining the bonding behaviour and the quality of the deposits. In this work, the relevant numerical simulation work was carried out using Fluent/Ansys for a better understanding of microstructure evolution. Figs. 5a and b display the contours of particle velocity and particle temperature along the nozzle central line under different processing conditions. Here, an average particle size of 33 µm and 37 µm corresponding to pure 7075Al particle and TiB 2 /7075Al composite particle respectively were used for this simulation. It is obvious that the processing conditions significantly affect the particle velocity and temperature. As can be seen from Fig. 5c, the particle velocity of the pure 7075Al increases from 632 to 695 m/s while the particle temperature decreases from 353 to 290 ºC as the processing condition changes from C1 to C2.

In the case of C3, a sharp increment in particle velocity (850 m/s) was achieved using He gas. Previous studies have proved that higher gas pressure, higher gas temperature or lower gas molecular weight causes better gas flow acceleration through de-Laval nozzle [START_REF] Shuo Yin | Cold spray additive manufacturing and repair: Fundamentals and applications[END_REF][START_REF] Grujicic | Analysis of the impact velocity of powder particles in the cold-gas dynamic-spray process[END_REF]. Thus, a higher particle impact velocity was obtained using He gas. Furthermore, it is noticed that the composite particle possesses a slightly lower particle velocity, but a similar particle temperature compared to the case using the pure 7075Al particle due to its slightly larger particle size and slightly higher density. respectively. An average particle size of 33 µm and 37 µm corresponding to pure 7075Al and TiB 2 /7075Al composite particle respectively were used for this simulation.

Microstructure of the CS-processed components

Fig. 6 displays the surface morphologies of the 7075Al and TiB 2 /7075Al composite components deposited at C1 and C3 (see Table 4). Different deposition features of the overview morphology can be observed for different processing conditions. Regarding the C1 deposits, a large number of craters were left on the surfaces of the 7075Al and TiB 2 /7075 Al composite samples after impact due to particle rebounding and unsuccessfully bonding with previous deposited layers. Comparatively, more craters can be observed in the composite deposit, indicating a relatively lower deposition efficiency. As can be seen from the magnified views (Figs. 6e andf), metal jets were not obviously observed at the rim of deformed splats in either deposits. As seen in C3 deposits presented in Figs. 6c andd, only a small fraction of craters were left on both coating surfaces, indicating an enhanced deposition efficiency. Furthermore, the magnified views in Figs. 6g andh clearly show that both the 7075Al and TiB 2 /7075Al composite particles experienced greater plastic deformation and exhibited prominent metal jets at the rim of these largely deformed splats compared to the case of C1. The enhanced particle deformation, deposition efficiency, and the metal jet of the deposited particles should be attributed to the increased particle impact velocity by using He as the propellant gas. Fig. 7 shows the cross-sectional morphologies of the 7075Al and TiB 2 /7075Al composite deposits in different processing conditions. Both deposits present a fully dense structure except for some small pores at interparticle regions for both the C1 deposits. Moreover, the composite deposit seems to be denser than the pure 7075Al component. The porosity evolution for both deposits from C1 to C3 is given in Fig. 8. As the processing condition changes from C1 to C3, the porosities of the pure 7075Al and TiB 2 /7075Al composite decrease from 0.68 % and 0.49 % to about 0.15 % and 0.12 %, respectively.

Another obvious feature is that the particles undergo varying degrees of deformation in different conditions. In order to better evaluate the particle deformation behaviours, flattening ratio measurements were performed, and the results are presented in Fig. 9. Since both the initial powders display nearspherical shapes, their flattening ratios were calculated to be about 1.15, which is close to 1.0. In the case of C1, the average flattening ratios of the pure 7075Al and TiB 2 /7075Al composite particles were measured to be 2.50 and 2.32, showing an increment of about 117.4 % and 101.7 % compared to the initial powders, respectively. As the particle velocity increases from C1 to C3, the flattening ratios of both deformed particles gradually increase, indicating a greater particle deformation at a higher particle velocity. However, the pure 7075Al deposit seems to undergo slightly greater deformation compared with the composite for each processing condition due to the presence of ultrafine TiB 2 particles. In the case of C3, both deposits present a curly structure with a large number of elongated and refined grains at the interparticle boundaries. Furthermore, as revealed in SEM (Figs. 7 (d-f), and Fig. 10a) and EDS mapping (Fig. 10c), ultrafine TiB 2 particles (and also nanosized TiB 2 particles, but not identifiable at this scale) are uniformly dispersed in the Al matrix. As shown in the magnified SEM image (Fig. 10b), irregular TiB 2 particles dispersed not only inside the deformed particles but also along the interparticle boundaries. Fig. 10e shows the size distribution of TiB 2 particles in the composite components analyzed by Image J. These in-situ formed TiB 2 particles present a wide particle size distribution from 100 nm to 1.5 µm, while most of them are lower than 700 nm. The measurement of volume fraction of TiB 2 particles in the composite deposits was performed on five SEM images using Image J, yielding a value of 4.2 vol.%. However, it should be noticed that nanosized TiB 2 particles (< 100 nm) are out of statistic by this method due to the limitation of spatial resolution using SEM. SEM/EBSD characterization was performed to further investigate the microstructure evolution of the CS pure 7075Al and TiB 2 /7075Al composite components in different processing conditions. As for the 7075Al-C1 deposit (see Figs. 11a andb), the ultrafine grains are located at interparticle boundary regions, while some large grains with size and structure similar to those of the initial 7075Al powder still remained in the centre of the deformed splats. According to K. Kang et.al [START_REF] Kang | Interfacial bonding and microstructural evolution of Al in kinetic spraying[END_REF], these ultrafine grains should be attributed to static recovery rather than dynamic recrystallization caused by the extremely high strain-rate (up to 10 9 s -1 ) plastic deformation at the interparticle regions. However, the heterogeneous microstructure suggests a limited plastic deformation of the entire pure 7075Al particle due to a relatively low particle impact velocity at C1. Nevertheless, the average grain size of this pure 7075Al deposit was measured to be 0.958 µm, which is much smaller than that of the initial powder, and thus clearly demonstrates the grain refinement effect. As it can be seen from Figs. 11d ande, a more uniform structure with smaller average grain size (0.739 µm) was obtained at C3 compared to C1. However, this deposit shows a relatively lower indexing rate compared to that of C1 because greater residual strain stress was generated and retained in this deposit, especially at the highly deformed interparticle boundary regions.

Therefore, it can be concluded that a higher particle impact velocity leads to a greater plastic deformation of the particle and thus greater grain refinement of the deposit.

As shown in Figs. 10 g and j, the microstructure evolution of the TiB 2 /7075Al composite is similar to that of the pure 7075Al deposit. This means that the interior of splat maintains a grain size and structure similar to that of the initial powder, while the interparticle boundaries experienced more largely deformation. A slightly greater grain refinement effect of the composite can be observed at C3 due to a greater plastic deformation of the highly accelerated particle. For each condition, the grain size of the composite deposits is much smaller than that of the pure 7075Al deposits, mainly as a result of the finer initial structure in the composite feedstock. Therefore, it can be concluded that both the structure of initial powder and the processing conditions play important roles in determining the final structure of the deposit. It should be noticed that the actual average grain size of these deposits should be smaller than the above statistical value due to the following two reasons: i) some small grains located at the interparticle boundaries failed to be detected by the back scattered electron due to the high residual stain stress retained within these highly deformed areas; and ii) grains smaller than 200 nm were excluded in our final statistical results because EBSD characterization was performed at a scanning step of 100 nm. Fig. 12 shows the TEM bright field (BF) images of the characteristic regions of the TiB 2 /7075Al-C3 deposit. Fig. 12a shows the structure of particle's interior regions, where grains experienced mild deformation but still in relatively large size (> 500 nm). It can be observed that nanosized TiB 2 particles (indicated by blue arrows) appear to be primarily dispersed along GBs of the Al matrix. Furthermore, very fine precipitates are dispersed throughout the deformed grains. Dislocations networks (marked by white dotted circles) can also be observed in the largely deformed Al matrix, especially around the insitu formed nanosized TiB 2 particles. It was reported that the formation of the networks may be caused by the presence of a high density of fine precipitates in the grain interiors and nanosized TiB 2 particles at grain boundaries, which can help to pin and hinder rapid migration of the dislocations [START_REF] Cy Dan | Microstructure study of cold rolling nanosized in-situ TiB2 particle reinforced Al composites[END_REF].

As shown in Figs. 12c andd, a laminar structure with a transverse spacing of 100-300 nm can be observed in the interparticle interface regions, where grains are heavily deformed during deposition. In these regions, in addition to the very fine needle-like precipitates within elongated Al grain interiors, a number of spherical precipitates with relative larger size can be observed at the lamellar boundaries.

According to previous studies, the very fine needle-like precipitates should be the metastable η' (a few nm in size) and η (MgZn 2 , 15-20 nm in size) phase [START_REF] Deschamps | Precipitation kinetics in a severely plastically deformed 7075 aluminium alloy[END_REF], while the spherical precipitates located at lamellar boundaries are most probably correspond to the T phase ((Al,Zn) 49 Mg 32 ) or Mg(Zn,Cu,Al) 2 ) [START_REF] Mr Rokni | Microstructural evolution of 7075 Al gas atomized powder and high-pressure cold sprayed deposition[END_REF]. No further efforts were made at this stage to identify these precipitates since it is out of the scope of this technical paper.

Figs. 12e and f display the interparticle region structures, which are featured by smaller equiaxed grains with few dislocations. The observation of these ultrafine grains at the interparticle interface again provides evidence for the static recovery mechanisms during high strain rate impact [START_REF] Kang | Interfacial bonding and microstructural evolution of Al in kinetic spraying[END_REF]. However, few precipitates can be observed within these newly formed grains. It should be noted that little change in the distribution and structure of TiB 2 particles can be found in these three typical regions. 

Microhardness

Fig. 13 shows the microhardness evolution of the CS 7075Al and TiB 2 /7075Al composite deposits in different processing conditions. The microhardness of both deposits increases as the processing condition changes from C1 to C3. The increased microhardness at C2 and C3 can be attributed to the increased particle impact velocity, which leads to the enhanced work hardening effect and grain refinement (Fig. 11). The average microhardness value of the 7075 Al-C1 deposit (118 ± 6 HV 0.3 ) is in good agreement with that reported by M.R. Rokni et. al (115 ± 9 HV 0.3 ) [START_REF] Mr Rokni | Microstructural evolution of 7075 Al gas atomized powder and high-pressure cold sprayed deposition[END_REF], while the one obtained at C3 (146 ± 8 HV 0.3 ) is close to that reported by Meydanoglu et al (136 ± 10.5 HV 0.3 ) [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]. Moreover, the composite deposit possesses a higher microhardness compared to the unreinforced 7075Al deposit for each condition. The microhardness increases of about 20.3 %, 17.6 % and 13.0 % were obtained for the composite deposits compared to the pure 7075Al deposits at C1, C2 and C3, respectively. This result indicates that for the as-sprayed composites, in addition to the work hardening effect, the uniformly distributed nanosized TiB 2 particles also play an important role in enhancement of microhardness. The reinforced mechanisms will be discussed later.

Fig. 13 Microhardness evolution of the 7075Al and TiB 2 /7075Al composite deposits in different processing conditions.

Tensile properties

The values of ultimate tensile strength (UTS ) and elongation of the as-sprayed 7075Al and TiB 2 /7075Al composite deposits under different processing conditions are summarized in Figs. 14 a and b, respectively. The C2 samples exhibit the lowest UTS and almost no elongation, while the C1 and C3 samples show slightly improved UTS. The composite samples possess higher UTS compared to those of the pure 7075Al deposits. However, both the as-sprayed deposits exhibit typical brittle behaviour. The elongation values of the as-sprayed samples are lower than 2.0 %, even for those of the He-processed samples. The highest UTS of the composite component reaches 350 MPa with an elongation of 1.2 % at C3. Fig. 14 shows the fracture surface of the as-sprayed TiB 2 /7075Al composite samples obtained in different processing conditions. As shown in Fig. 15a, the fracture surface of TiB 2 /7075Al-C1 deposit demonstrates a typical cleavage feature. Some dimples are found in the interparticle boundaries, where greater plastic deformation and recovery occurred. In the case of C2 (Fig. 15b), fracture takes place along the splats interface rather than through them and almost no dimples are observed on the surface, displaying a brittle rupture. As shown in Fig. 15c, the fracture surface of He-processed composite sample displays a curly structure with some fracture occurring through the deformed splats. This observation confirms the robust metallic bonding at the severely deformed interface regions due to the occurrence of adiabatic shear instability (ASI) and metal jet [START_REF] Grujicic | Adiabatic shear instability based mechanism for particles/substrate bonding in the cold-gas dynamic-spray process[END_REF]. As marked in Fig. 15a 1 -c 1 , some interior defects or pores within the deposits can accelerate the failure during tensile test, lowering the strength and elongation. 

Discussions

Effect of processing conditions on microstructure and mechanical properties of the components

The pure 7075Al and TiB 2 /7075Al composites were processed by CS at three different conditions, namely C1, C2 and C3, which promoted high-quality components with low porosity and no delamination with the substrate nor between splats. Typical deformed structure was obtained in both the pure 7075Al and TiB 2 /7075Al composite deposits. Normally, a critical velocity is required to achieve successful deposition of the accelerated particles for CS. It was reported that the critical velocity for Al/Al (Al particle impacts on Al substrate) was estimated to be 775 m/s for particles having an average size of 35 µm [START_REF] Bae | General aspects of interface bonding in kinetic sprayed coatings[END_REF]. Moreover, the in-situ particle impact experiment measured a critical velocity of 810 m/s for 14μm Al particles, and a critical velocity of 770 m/s for 30-μm Al particles [START_REF] Hassani-Gangaraj | In-situ observations of single micro-particle impact bonding[END_REF]. The critical velocity would be expected to increase with the hardness of the particles. Therefore, it is speculated that a higher critical velocity is required for pure 7075Al powder with the similar particle size due to its higher material strength. However, in our study, the average particle velocities for pure 7075Al particles (33 μm) at C1 and C2 were estimated to be about 630 and 695 m/s, respectively, being much lower than the critical value mentioned above. One possible reason for the high-quality deposits obtained at C1 and C2 is that the particles can be largely softened before impact due to high processing temperatures (550 ºC and 500 ºC involved in C1 and C2, respectively). Consequently, a relatively lower critical velocity is required for the deposition. As the TiB 2 /7075Al composite particle is harder than pure 7075Al particle, theoretically, it could be also speculated that the deposition efficiency and flattening ratio would slightly decrease for the composite particle. Besides, the contamination level of particle surface can also affect the critical velocity and deposition efficiency [START_REF] Shuo Yin | Deformation behavior of the oxide film on the surface of cold sprayed powder particle[END_REF][START_REF] Li | Significant influence of particle surface oxidation on deposition efficiency, interface microstructure and adhesive strength of cold-sprayed copper coatings[END_REF]. Previous studies have confirmed that contamination-free interface is vital important to achieve the true metallic bonding between particle/substrate or interparticle [START_REF] Xie | New insights into the coating/substrate interfacial bonding mechanism in cold spray[END_REF][START_REF] Chen | On the role of oxide film's cleaning effect into the metallurgical bonding during cold spray[END_REF]. The presence of some nanosized TiB 2 particles on the composite particle surface may decrease its deposition efficiency. As a result, more composite particles could rebound away from the deposit surface due to unsuccessful deposition. These rebounding particles act as shoot peening particles during deposition [START_REF] Xie | A novel approach for fabricating Ni-coated FeSiAl soft magnetic composite via cold spraying[END_REF][START_REF] Jenkins | New insights into the inprocess densification mechanism of cold spray Al coatings: Low deposition efficiency induced densification[END_REF]. Due to the in-situ hammering by these shot peening particles, plastic deformation of previously deposited layers could be greatly enhanced and thereby result in a denser structure of the composite deposit. Nevertheless, relative high deposition efficiencies for both pure 7075Al and TiB 2 /7075Al composite powders were obtained at C3 using He as the propelling gas. The observation of prominent metal jets between splats at C3 indicates severe plastic deformation of particles and enhanced metallic bonding.

According to the XRD results (Fig. 4), the phase compositions of the initial feedstock powders were shown to be maintained, even at the highest gas temperature that was used (550 ºC). This phenomenon can be explained by the low particle temperature during CS deposition (Fig. 5d). However, the BF TEM images in Fig. 12 show some nanosized participates formed inside the severely deformed grains as well as along the GBs. Similar phenomenon was also reported in the CS pure 7075Al coating by M.R. Rokni et.al [START_REF] Mr Rokni | Microstructural evolution of 7075 Al gas atomized powder and high-pressure cold sprayed deposition[END_REF]. The formation of such a high density of precipitates within the deformed grains is likely due to the severe interaction of dislocations as a result of high strain rate reached during CS. Because of this dislocation interaction, it provides plenty nucleation sites for precipitation within the grain interior [START_REF] Mr Rokni | Microstructural evolution of 7075 Al gas atomized powder and high-pressure cold sprayed deposition[END_REF][START_REF] Deschamps | Precipitation kinetics in a severely plastically deformed 7075 aluminium alloy[END_REF]. Since the precipitates along GBs are larger in size and having a near spherical shape, their formation mechanisms may be different from that formed inside the grains. As shown in Fig. 2. the evident GB segregation in the initial composite particle can be well retained in the as-sprayed composite deposit.

Therefore, these precipitates are likely to nucleate from such a highly supersaturated solid solute at GBs during deposition [START_REF] Mr Rokni | Microstructural evolution of 7075 Al gas atomized powder and high-pressure cold sprayed deposition[END_REF].

After impacting on the substrate or previous deposited layers, the particles undergo different degrees of plastic deformation: high deformation at interparticle boundaries while low deformation in the interior region. As a result, the grain structure obtained in interior regions of the deformed splats is shown to be similar to that of the initial feedstock particles; while the interparticle boundary areas are featured by elongated and refined grains (Fig. 11). Generally, a higher impact velocity lead to enhanced plastic deformation and metallic bonding of the deformed splats. Consequently, the decreased grain size and enhanced work hardening effect as well as the metallic bonding resulted in higher microhardness and tensile strength for both the pure 7075Al and TiB 2 /7075Al composite at C3. However, tensile tests show that the C1 samples possess higher UTS and elongation compared to those of C2 samples, even though a higher particle impact velocity was achieved at C2. This may be due to its higher particle impact temperature which is beneficial for the occurrence of ASI at locally interparticle regions during deposition [65] [49]. The promoted viscous-like metal jet helps to clean up the cracked native oxide film of the particles, allowing metal-to-metal contact and thus metallic bonding to occur [START_REF] Chen | On the role of oxide film's cleaning effect into the metallurgical bonding during cold spray[END_REF][START_REF] Shuo Yin | Deposition behavior of thermally softened copper particles in cold spraying[END_REF]. The soften effect produced from relative high particle impact temperature can enhance metallurgical bonding at C1. Therefore, some dimples are observed at interparticle boundaries from the facture surface (Fig. 15a), which are absent at the C1 and C3. The above results reveal that the metallurgical bonding between deformed splats are the most important factor that determine the final tensile properties of the CS samples.

Heat treatment is the most commonly used but an effective method to improve their mechanical properties by improving the interparticle bonding as well as curing the defaults. Besides, 7075Al and TiB 2 /7075Al composite we used in this study are the alloys strengthened by the nanosized precipitates via heat treatment. Therefore, appreciate heat treatments on these CS samples will be carried out in our future work.

Possible strengthening mechanisms in the composite components

The microhardness and tensile tests show that the composite components possess higher microhardness and strength compared to the unreinforced pure 7075Al deposits (Fig. 13). The microhardness and strength increments of the composite deposits may be mainly attributed to the following three reasons: 1) The composite deposits possess a denser structure than the unreinforced 7075Al deposits; 2) grain refinement due to the presence of TiB 2 nanoparticles during the gas atomization and static recovery resulting from severe plastic deformation during CS deposition; 3) the strengthening effect of uniformly distributed nanosized TiB 2 particles in Al matrix.

The strengthening effect resulting from grain refinement (Hall-Petch equation) can be expressed as follows:

∆𝐻𝐻 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻-𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃ℎ = k �𝑑𝑑 -1 2 -𝑑𝑑 𝑜𝑜 - 1 2 � (1) 
Where k is the Hall-Petch slope (a constant), d and d o are the average grain size of the TiB 2 /7075Al composite and unreinforced 7075Al deposit, respectively. According to previous study [START_REF] Ma | Mechanical behavior and strengthening mechanisms in ultrafine grain precipitation-strengthened aluminum alloy[END_REF], the Hall-Petch slope k of 7075Al alloy is ~0.12MPa/√m when only grain size effect is considered. Based on the previous EBSD analysis, the average grain sizes of the CS composite samples were measured to be around 0.695 µm and 0.525 µm for C1 and C3, respectively, which are much smaller than that of assprayed pure 7075Al deposits. The values related to grain refinement strengthening for the unreinforced 7075Al alloy and TiB 2 /7075Al composite are 35.8 HV (122 MPa) and 42.0 HV (144 MPa) at C1, and 40.8 HV (139 MPa) and 48.5 HV (165 MPa) at C3, respectively. Therefore, it is obvious that grain refinement is one of the primary mechanisms for improving the microhardness and strength of the assprayed composite samples.

Additionally, the uniformly distributed nanosized TiB 2 particles play important role in the enhancement of microhardness and strength in the as-sprayed composite samples. The increment of microhardness or strength resulting from Orowan strengthening can be described by the Orowan-Ashby equation [START_REF] Chen | TiB2 reinforced aluminum based in situ composites fabricated by stir casting[END_REF]:

∆𝐻𝐻 𝑂𝑂𝑂𝑂𝑜𝑜𝑂𝑂𝐻𝐻𝑂𝑂 = 0.13𝐺𝐺𝐺𝐺 𝜆𝜆 𝑙𝑙𝑙𝑙 � 𝐷𝐷 2𝐺𝐺 � ( 2 
)
where G is the matrix shear modulus (~26.9 GPa for the 7075Al matrix) [START_REF] Li | Microstructure and mechanical properties of an in-situ TiB2/Al-Zn-Mg-Cu-Zr composite fabricated by Melt-SHS process[END_REF], b is the Burgers vector (0.286 nm) [START_REF] Li | Microstructure and mechanical properties of an in-situ TiB2/Al-Zn-Mg-Cu-Zr composite fabricated by Melt-SHS process[END_REF], D is the average diameter of the reinforcement (~300 nm), and λ is the interparticle spacing as expressed as follows [START_REF] Chen | TiB2 reinforced aluminum based in situ composites fabricated by stir casting[END_REF]:

λ = D �� 1 2𝑉𝑉 𝑃𝑃 � 1/3 -1� (3) 
where V p is the volume fraction of reinforced particles (~4.2 vol.% TiB 2 ).

Combining equations ( 2) and ( 3), an increase of 4.7 HV (15.8 MPa) is obtained in the present TiB 2 /7075Al composite due to the Orowan strengthening effect. In addition, the formation of nanosized precipitates in the TiB 2 /7075Al composite can further enhance the microhardness and strength due to the Orowan strengthening mechanism, especially for samples after solution aging treatment. The precipitation behaviour and its strengthening effect in this composite deposit will be further investigated in our future work.

Conclusions

A novel gas-atomized 7075Al composite powder reinforced with nanosized in-situ TiB 2 particles was used as the feedstock to fabricate composite components by CSAM. The investigation of processing conditions on composite component porosity, microstructure, and mechanical properties was carried out, and pure 7075Al deposits were also fabricated for the reason of comparison. The main conclusions are drawn as-follows:

1) Fully dense and thick TiB 2 /7075Al composite deposits with uniformly distributed nanosized TiB 2 particles were successful fabricated by CSAM.

2) Phase analysis in terms of XRD shows that as-fabricated samples possess well-retained phase composition compared with the feedstock powders; However, TEM analysis reveals that nanosized precipitates are formed inside the severely deformed grains as well as at the grain boundaries.

3) Higher particle impact velocity and temperature lead to a denser structure and greater particle deformation, enhancing metallic bonding between deformed splats and grain refinement.

Consequently, higher microhardness and tensile strength were acquired.

4) The composite deposits possess higher microhardness and tensile strength compared with the unreinforced 7075Al samples. This is mainly attributed to the grain refinement effect and the reinforcement of uniformly distributed TiB 2 particles in the Al matrix.

5) The fracture morphologies of the composite samples display a brittle feature, which indicates limited metallurgical bonding at the deformed splats even when He was used as the propelling gas. Heat treatment will be necessary to further improve mechanical properties.

Fig.

  Fig. Particle morphologies of the (a) (b) 7075Al powder and (c) (d) TiB 2 /7075Al composite powder in different magnifications; (e) Magnified view of the composite particle surface area marked in Fig.1d, showing uniform distribution of TiB 2 nanoparticles (indicated by red arrows) on the surface of an Al micro-particle; (f) displays the particle size distribution of the initial powder feedstocks.

Fig.

  Fig. Backscattered-electrons (BSE)-SEM micrographs of the cross-section of (a) a whole TiB 2 /7075Al composite particle in the as-received condition and (b) magnified view highlighting the distribution of TiB particles; corresponding EDS element distributions of (c) Al, (d) Mg, (e) Cu, (f) Zn and (g) Ti.

Fig. 3

 3 Fig. 3 SEM/EBSD characterization of the cross-section of the gas-atomized (a-c) 7075Al particle and (df) TiB 2 /7075Al composite particle: (a) and (d) IPF mapping images, (b) and (e) band contrast images, (c) and (f) Al grain size distributions. The image reveals the grains by cleaning up the nanoparticle TiB 2 phase.

Fig. 4

 4 Fig. 4 XRD patterns of the initial feedstocks and as-sprayed components: (a) 7075Al and (b) TiB 2 /7075Al composite.

Fig. 5 (

 5 Fig. 5 (a) Particle velocity and (b) particle temperature along the nozzle central line; (c) and (d) show particle impact velocity and particle impact temperature as a function of processing conditions,

Fig. 6

 6 Fig. 6 Surface morphologies of the 7075Al and TiB 2 /7075Al composite particles deposited at C1 and C3: (a) and (e) 7075Al-C1; (b) and (f) TiB 2 /7075Al-C1; (c) and (g) 7075Al-C3; (d) and (h) TiB 2 /7075Al-C3.

Fig. 7

 7 Fig. 7 Cross-sectional SEM images of the cold spayed (a-c) 7075Al deposits and (b-d) TiB 2 /7075Al composite deposits at different processing parameters: (a) 7075Al-C1, (b) 7075Al-C2, (c) 7075Al-C3, (d) TiB 2 /7075Al-C1, (e) TiB 2 /7075Al-C2, (f) TiB 2 /7075Al-C3. The pores and the typical deformed particles were indicated by white arrows and red dashed outlines, respectively.

Fig. 8 Fig. 9

 89 Fig. 8 Porosity evolution of the 7075Al and TiB 2 /7075Al composite deposits in different processing conditions.

Fig. 11

 11 Fig. 11 SEM/EBSD characterization of the cross-section of the CS (a-f) pure 7075Al and TiB 2 /7075Al composite deposits in different processing conditions: (a-c) 7075Al-C1; (d-f) 7075Al-C3; (g-i) TiB 2 /7075Al-C1; (j-l) TiB 2 /7075Al-C3. The first column displays gain orientation maps, and the middle column presents the band contrast. The last column shows gain size distribution of the Al matrix (the

Fig. 12 TEM

 12 Fig. 12 TEM micrographs of the TiB 2 /7075Al-C3 deposit showing precipitate structures in (a) particle interior, (b) interparticle boundaries with pancake structures and (c) interparticle boundaries with ultrafine grain structures. (b), (d) and (f) are the magnified micrographs within red dashed boxes of (a), (c) and (e), respectively. Red arrows show spherical precipitates within the Al matrix, while blue arrows indicate the in-situ formed TiB 2 particles in the Al matrix. White arrows and circles in Fig. 12 (a-c) show the dislocation networks. The yellow arrows in Fig.12 d display some equiaxed small Al grains.

Fig. 14

 14 Fig. 14 Variation of (a) tensile strength and (b) elongation of the as-sprayed 7075Al and TiB 2 /7075Al composite samples in different processing conditions.

Fig. 15

 15 Fig. 15 Fracture morphologies of the as-sprayed TiB 2 /7075 Al composite in different processing conditions: (a) C1; (b) C2; (c) C3. (a 1 ), (b 1 ) and (c 1 ) are the magnified images of the red dashed area in (a), (b) and (c), respectively.

  

Table 1

 1 Chemical composition of the 7075Al starting powder

	Element	Zn	Mg	Cu	Cr	Fe	Si	Mn	Ti	Al
	wt.%	5.52	2.29	1.41	0.203	0.209	0.12 0.0473 0.0208 Bal.

Table 2

 2 

			Processing parameters used for CS deposition	
	Conditions	Nozzle	Propelling gas	Carrier gas	Gas pressure (MPa)	Gas (°C) temperature	CS system
	C1	SiC-1	Air	Ar	3.0	550	CGT-3000
	C2	SiC-2	N 2	N 2	5.0	500	Impact 5/8
	C3	Polymer-3	He	He	1.8	320	LERMPS
			Table 3 Nozzle dimensions and expansion ratios	
	Nozzle	Enter diameter (mm)	Throat diameter (mm)	Exit diameter (mm)	Divergent length (mm)	Convergent length (mm)	Expansion ratio
	SiC-1	15	2.7	6.4	132.4	30	5.6
	SiC-2	12	2.4	6.0	140	20	6.25
	Polymer-3	18	2.7	10.1	192.4	30	14.0
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