Abhishek Pariyar 
email: abhishekp@iisc.ac.in
  
Chandra S Perugu 
  
Laszlo S Toth 
  
Satish V Kailas 
  
Microstructure and mechanical behavior of polymer-derived in-situ ceramic reinforced lightweight aluminum matrix composite

Keywords: polymer-derived ceramic, friction stir processing, metal matrix composite, in-situ, microstructure

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

One of the automotive and aerospace industry's primary requirements is materials with high specific strength [START_REF] Cavaliere | Mechanical properties of Friction Stir Processed 2618/Al2O3/20p metal matrix composite[END_REF]. In this regard, aluminum matrix composites (AMCs) are a promising candidate. The reinforcing phase for the AMC can be in the form of continuous fibers, discontinuous fibers, whiskers, and particles. However, particles are preferred over others due 2 Using ex-situ ceramic nanoparticles as reinforcements result in an improvement in the strength and relatively lower loss in ductility as compared to using micro-particles [START_REF] Zhou | The nano-sized TiC particle reinforced Al-Cu matrix composite with superior tensile ductility[END_REF][START_REF] Madhu | Microstructure and Mechanical Properties of Friction Stir Process Derived Al-TiO2 Nanocomposite[END_REF]. However, particle agglomeration, manufacturing cost, and potential health hazards involved during the handling of such nanoparticles limit their application [START_REF] Tjong | Novel Nanoparticle-Reinforced Metal Matrix Composites with Enhanced Mechanical Properties[END_REF][START_REF] Kumar | A novel in-situ polymer derived nano ceramic MMC by friction stir processing[END_REF]. The problems accompanying ex-situ MMCs can be overcome when the reinforcement is produced in-situ within the metal matrix. Such in-situ formed reinforcements exhibit higher thermodynamic stability, stronger particle-matrix interface, and finer particle size with uniform distribution throughout the matrix [START_REF] Tjong | Microstructural and mechanical characteristics of in situ metal matrix composites[END_REF][START_REF] Zhang | Reactive mechanism and mechanical properties of in situ composites fabricated from an Al-TiO2 system by friction stir processing[END_REF].

A novel fabrication technique for in-situ MMCs was suggested by Sudarshan et al. [START_REF] Sudarshan | Nanoceramic-Metal Matrix Composites by In-Situ Pyrolysis of Organic Precursors in a Liquid Melt[END_REF][START_REF] Sudarshan | Polymer-Derived In-Situ Metal Matrix Composites Created by Direct Injection of a Liquid Polymer into Molten Magnesium[END_REF]. A preceramic polymer precursor (polyureamethylvinylsilazane (CERASET TM )) is added to an Mg melt in that technique. The polymer is pyrolyzed at 800°C into nano-sized amorphous ceramic particles (SiCNO) during contact with the melt. Such ceramics obtained from polymers by pyrolysis are called polymer-derived ceramics (PDCs) [START_REF] Colombo | Polymer-Derived Ceramics: 40 Years of Research and Innovation in Advanced Ceramics[END_REF]. This method is simple, with no reaction required between the host metal and the polymer to obtain the final ceramic phase, unlike other in-situ MMCs [START_REF] Zhang | Reactive mechanism and mechanical properties of in situ composites fabricated from an Al-TiO2 system by friction stir processing[END_REF][START_REF] Ke | Al-Ni intermetallic composites produced in situ by friction stir processing[END_REF][START_REF] Wang | Development of in situ composites via reactive friction stir processing of Ti-B4C system[END_REF]. However, agglomeration of the ceramic particles and porosity in the castings are major issues in this technique [START_REF] Kumar | A novel in-situ polymer derived nano ceramic MMC by friction stir processing[END_REF]. Castellan et al. [START_REF] Castellan | A Novel In Situ Method for Producing a Dispersion of a Ceramic Phase into Copper That Remains Stable at 0.9TM[END_REF] used the PDC route to obtain MMCs by blending the copper powder with CERASET and then consolidating by hot pressing or spark plasma sintering into MMCs. The MMC retained its mechanical strength till 0.9 Tm (Tm is the metal's melting point). However, the dispersion of the PDC particles was inhomogeneous in that study. PDCs, unlike ex-situ nanoparticles, are economical and do not pose health hazards during handling [START_REF] Kumar | A novel in-situ polymer derived nano ceramic MMC by friction stir processing[END_REF]. Moreover, they have an advantage over other in-situ formed nanoparticles with respect to the complexity of the in-situ reaction itself [START_REF] Chelliah | Processing, microstructural evolution and strength properties of in-situ magnesium matrix composites containing nano-sized polymer derived SiCNO particles[END_REF].

Friction stir processing (FSP) is a thermo-mechanical solid-state processing technique that has evolved as an alternative approach to fabricate MMCs [START_REF] Akramifard | Microstructure and mechanical properties of Cu/SiC metal matrix composite fabricated via friction stir processing[END_REF] and has its origin in friction stir welding (FSW) [START_REF] Thomas | International patent application no[END_REF]. During FSP, the material undergoes intense plastic deformation, heating, and mixing. FSP is achieved by inserting a rotating FSW tool with a pin into the workpiece and traversing along its length. The heat, mixing, and plastic deformation allows second phase particles to break into smaller sizes and disperse within the matrix [START_REF] Mishra | Friction stir processing: a novel technique for fabrication of surface composite[END_REF][START_REF] Mishra | Friction stir welding and processing[END_REF].

FSP has proven to be effective in dispersing reinforcement particles homogeneously within the matrix [START_REF] Madhu | Microstructure and Mechanical Properties of Friction Stir Process Derived Al-TiO2 Nanocomposite[END_REF][START_REF] Arora | Composite fabrication using friction stir processing-a review[END_REF][START_REF] Dinaharan | Development of titanium particulate reinforced AZ31 magnesium matrix composites via friction stir processing[END_REF][START_REF] Gao | Preparation of in-situ TiB2 and Mg2Si hybrid particulates reinforced Al-matrix composites[END_REF]. Hence, it can be used to overcome the problem of particle agglomeration and inhomogeneous distribution. Ajay Kumar et al. [START_REF] Kumar | A novel in-situ polymer derived nano ceramic MMC by friction stir processing[END_REF][START_REF] Kumar | Influence of particulate reinforcement on microstructure evolution and tensile properties of in-situ polymer derived MMC by friction stir processing[END_REF] dispersed the same CERASET in a copper matrix by FSP. The obtained MMC showed improvement in the 0.2% proof stress by a factor of two without much loss in ductility. They reported a homogenous distribution of the PDC particles with a fine-grained structure in the nugget zone. Chelliah et al. [START_REF] Chelliah | Processing, microstructural evolution and strength properties of in-situ magnesium matrix composites containing nano-sized polymer derived SiCNO particles[END_REF] injected CERASET in molten Mg and obtained the composite. However, due to the PDC particles' inhomogeneous distribution, they performed FSP on the as-cast composite to disperse the PDC particles uniformly.

In this work, we report the fabrication of an in-situ PDC composite with Al 5052 as the matrix material using FSP. This was done to avoid the problems associated with as-cast structures, inhomogeneity in the particle distribution, and decrease the fabrication process's complexity. To produce such composites with an Al alloy as the matrix, CERASET was not suitable, as the Al alloy would melt at the required pyrolysis temperature. Therefore, polymethylhydrosiloxane (PMHS) was used as the preceramic polymer in this work because this polymer starts to pyrolyze at ~350°C. The composite was analyzed to evaluate its microstructure and mechanical properties. It exhibited high strength with a relatively low loss in ductility at room temperature compared to the parent material. Furthermore, the amplitude of the serrations in the tensile curve of the composite due to the Portevin-Le Chatelier (PLC) effect was reduced. In another study (by the present authors), it was found that this composite also possesses stability in both grain size and strength when exposed to a temperature of 550°C for 1 hr [START_REF] Pariyar | Imparting high-temperature grain stability to an Al-Mg alloy[END_REF].

Materials and Methods

The matrix material chosen was annealed (at 343 °C for 2 hrs.) Al 5052 sheet of 6 mm thickness. The polymer precursor used was polymethylhydrosiloxane (PMHS) (Sigma-Aldrich). This polymer was initially in the liquid state, which was solidified by crosslinking at room temperature for 8 hrs. using 5 wt.% of 1,4-diazabicyclo [2.2.2] octane (DABCO) (Sigma-Aldrich). The crosslinked polymer was then subjected to ball milling for 60 minutes.

The chemical composition of the polymer and the PDC was analyzed using Fourier transform infrared spectroscopy (Perkin Elmer Spectrum BX), and the thermal decomposition of this polymer was studied using thermogravimetric analysis (TA Instruments Q500) in a temperature range of 25 °C to 800 °C, at a heating rate of 10 °C/min in a nitrogen environment.

Grooves of 3 mm width and 4 mm in depth were milled along the length of the parent material (Al 5052-O) plates. The polymer powder was filled into these grooves. The grooves were sealed by Al 5052-O strips of 3.8 mm width and 2 mm thickness by press-fitting them into the grooves using a hydraulic press. Then, FSP was performed on the plates from the backside of the groove. The FSP experiments were performed using a custom-built friction stir welding machine (ETA Technologies, Bangalore, India) with a tool made of hot die steel in H13 hardened condition. It had a conical pin with double start threads, and the pin length was 5 mm. The pin base and tip diameters were 10 mm and 8 mm, respectively. The shoulder diameter was 25 mm having a chamfer angle of 20°. Initially, three FSP passes were performed at a tilt angle of 2° using 500 RPM tool rotation speed and 12 mm/min traverse speed. Then, pyrolysis was performed by exposing the whole plate to 500 °C for 10 hrs.

Afterward, a fourth pass was performed to close the pores created by the emission of gases during pyrolysis. The distribution of these pores was analyzed using micro-computing tomography (micro-CT) (RX Solutions EASYTOM NANO), and their 3D reconstruction was performed using the Thermo Fisher Scientific Avizo 9 software.

The microstructural characterization and mechanical testing specimens were cut from the processed zone using wire electro-discharge machining. The microstructures of the samples were analyzed using scanning electron microscopy (Zeiss Supra 40), electron backscattered diffraction (EBSD) (JEOL 6500F), and transmission electron microscopy (Philips CM 200). For EBSD, the data acquisition was performed with the Aztec HKL software and the data analysis after the scan, with the ATEX software [START_REF] Beausir | Analysis Tools for Electron and X-ray diffraction[END_REF]. The elemental mapping was performed on the samples' cross-section using an electron probe microanalyzer (JEOL JXA-8230 Superprobe).

Tensile tests were performed as per the ASTM-E8 standard on a UTM machine (INSTRON -5967) at a strain rate of 10 -3 s -1 . The tensile specimens of 6 mm gauge length were sliced from the stir zone along the tool traverse direction.

Results

Characterization of the PMHS polymer

The scanning electron microscopy (SEM) image of the ball-milled crosslinked precursor polymer is shown in Fig. 1a. The polymer particles were angularly shaped and ranged in size between ~10 to 40 µm. However, some larger-sized particles were also present, but lesser in number. Fig. 1b shows the Fourier transform infrared (FTIR) spectrum of the crosslinked PMHS. The vibration band at 2148 cm -1 could be assigned to Si-H. Si-CH3 vibration bands appeared at 1269 cm -1 and 1129 cm -1 . The vibration band at 1035 cm -1 was due to Si-O bonds, and the Si-C bond produced the band at 781 cm -1 . The thermogravimetric curve for the crosslinked PMHS is shown in Fig. 1c, which exhibited a loss in weight during the polymer to ceramic transformation. The initial weight loss was due to the polymeric networks' thermal adjustments, which resulted in the release of uncross-linked species in gas form. Beyond that, the actual polymer (PMHS) to ceramic (SiOC) transformation took place. Generally, at the end of the pyrolysis of preceramic polymers, there is free carbon left, which gives the pyrolyzed product the characteristic black color. Beyond 800 °C, the crystallization of amorphous SiOC begins [START_REF] Su | Pyrolytic transformation of liquid precursors to shaped bulk ceramics[END_REF]. However, it is to be noted that such high temperatures could not be used for pyrolysis in this work as the matrix material would melt at those temperatures. Fig. 1d shows the FTIR spectra of polymerderived SiOC obtained after the pyrolysis. There was a stark variation in the spectrum as compared to that of PMHS in Fig. 1b due to the absence of Si-H and Si-CH3 bands. The presence of Si-C and Si-O bands along with C=O bands (at 1747 cm -1 ), which was previously not observed in the PMHS spectra, confirmed the formation of SiOC.

Effects of pyrolysis on the nugget zone structure and the polymer morphology

The gases released by the polymer during pyrolysis resulted in the formation of pores in the metal matrix around the newly converted PDCs. Fig. 2 shows a 3D reconstruction of the distribution of the pores (in blue) within the nugget zone (NZ) obtained using micro CT scans.

The optical macrograph of the NZ is shown at the center of the figure, which serves as a reference for the region where the micro CT scans were made (yellow dashed box). It can be observed that the morphology of the pores was close to spherical at the central region of the nugget zone. They were also small in size (~0.5 µm) and well distributed. However, the pores became larger and plate-like in the peripheral regions. The distribution of these plate-like pores was similar to the onion ring structure that is commonly observed in the nugget zones of friction stir processed specimens. An SEM micrograph of the specimen's central region after the pyrolysis is shown in Fig. 3. It can be observed that there were near-spherical shaped pores. In one of those pores, an irregularly shaped PDC particle was present (the results of the elemental analysis performed on this particle is shown as a figure in-set). The surface of the PDC particle had features that looked like small pores as well. Such pore-like features are possible as it is known that PMHS transforms into porous SiOC after pyrolysis [START_REF] Nedunchezhian | Processing and characterization of polymer precursor derived silicon oxycarbide ceramic foams and compacts[END_REF]. The significance of having such pores is that it would be possible to fragment these PDC particles further in the subsequent pass. Additionally, irregular 'spikes' were also present on the surface of the PDC particle. These features could also prove to be useful during the subsequent pass when the matrix material would be able to flow due to the heat and stirring to fill the gaps between them. When the specimen would cool down, a mechanical interlock could form between the particle and the matrix, increasing their interfacial strength. 

The microstructure of the composite

The microstructure of the composite obtained using backscattered electron (BSE) mode in SEM is shown in Fig. 4. The nugget zone regions at ~0.5 mm, ~2.5 mm, and ~4.5 mm from the top surface (henceforth, named as the top, central and bottom regions, respectively) are shown in Figs. 4a, b, andc, respectively. It can be observed that the regions consisted of the reinforcing particles (higher atomic contrast) well dispersed within the metal matrix. The area fraction of the reinforcing particles was ~2.5 %, estimated using the ImageJ software.

However, it is to be noted that not all the particles were PDC particles. Namely, the initial metal impurities accounted for 0.5%, calculated from the parent alloy composition [START_REF] Pariyar | Imparting high-temperature grain stability to an Al-Mg alloy[END_REF]. The average particle size at the top region was 0.197 µm and at the central and bottom regions, 0.114 µm and 0.112 µm, respectively. Elemental maps of the nugget zone were also obtained using an electron probe microanalyzer (EPMA) (Fig. 5). It can be observed in these maps that many particles were rich in Si, C, and O. The size and distribution of the reinforcing particles are important factors that control the final properties of the produced MMC. However, grain characteristics are also another important parameter that has a considerable influence on such properties. The grain structure of the parent material and the composite was studied using EBSD. Fig. 6a shows the inverse pole figure (IPF) map of the parent material in the normal direction. The color key code represents the direction normal to the map in the crystal reference system of the grains. Large grains with nearly equiaxed shape were prevalent throughout. Most of them were around 10 to 20 µm. However, some grains were ~150 µm as well. Fig. 6b shows the grain boundary map, which was constructed by identifying three types of boundaries: high angle grain boundary (HAGB, misorientation angle 15°-61°), low angle grain boundary (LAGB, misorientation angle 5°-15°), and subgrain boundary (misorientation angle 3°-5°) denoted by blue, red and green colors, respectively. In the parent material, HAGBs constituted 94.24 % of the total grain boundaries, LAGBs comprised 4.65 %, and the subgrain boundaries, 1.11%. The fraction was dominated by HAGBs, which is an indication of recrystallization due to the high grain mobility of HAGBs. The high mobility of HAGBs allows for the nuclei to grow and evolve into recrystallized grains [START_REF] Doherty | Current issues in recrystallization: a review[END_REF]. Fig. 7 shows the EBSD data obtained from the central region of the NZ. The IPF map (Fig. 7a) was plotted for the cross-section of the NZ along the processing direction (PD) in the ND-TD plane (ND is the normal direction and TD is the transverse direction). The color key code represents the direction normal to the map in the crystal reference system of the grains. It can be observed that the region had a fine-grained structure comprising equiaxed grains whose average size was 1.0 ± 0.71 µm (number fraction-weighted). Hence, there was a drastic reduction in the grain size in the composite. In the grain boundary map in Fig. 7b, similar to the initial material, the HAGBs constituted 94.24 % of the total grain boundaries, LAGBs comprised 4.74 %, and the subgrain boundaries, 1.02%. This similarity, along with the equiaxed shape of the grains, indicated a recrystallized microstructure. However, the grains were recrystallized dynamically during the processing itself due to the high strain and temperature involved.

Grain orientation spread (GOS) maps are used to distinguish between recrystallized and non-recrystallized/deformed grains in a partially recrystallized microstructure. Nonrecrystallized grains have higher intergranular orientation spread and, consequently, higher GOS values. Whereas, it is the opposite for the recrystallized grains [START_REF] Gazder | Evolution of recrystallization texture in a 0.78wt.% Cr extra-low-carbon steel after warm and cold rolling[END_REF]. The threshold GOS value utilized in this work to differentiate recrystallized from non-recrystallized grains was 2°, with the maximum misorientation angle set at 5° [START_REF] Kumar | Influence of particulate reinforcement on microstructure evolution and tensile properties of in-situ polymer derived MMC by friction stir processing[END_REF][START_REF] Liao | Effect of Heat Treatment Condition on the Flow Behavior and Recrystallization Mechanisms of Aluminum Alloy 7055[END_REF]. The GOS map for the composite is shown in Fig. 7c. It can be observed that the majority of the grains in the microstructure had GOS values smaller than 2°, which is also represented graphically in the legend of the figure.

This suggests that the nugget zone had a dynamically recrystallized microstructure. However, it can also be observed that some large grains had higher GOS values (4° to 5°, shown in red).

This could be due to additional dislocations generated in those grains after recrystallization, as suggested by Su et al. [START_REF] Su | Microstructural investigation of friction stir welded 7050-T651 aluminium[END_REF]. Furthermore, the same authors have also mentioned that partial recovery occurs in the nugget zone and the thermo-mechanically affected zone after the thermal-mechanical cycle. In Fig. 8, bright-field TEM images of the composite are shown. It can be observed in Fig. 8a that nanoparticles were distributed throughout the specimen. These nanoparticles did not show any diffraction contrast, even when viewed from different tilt angles. Such characteristics are typical of amorphous domains. The only source for such amorphous domains in this system was PMHS, as it is known to produce amorphous SiOC upon pyrolysis [START_REF] Nedunchezhian | Processing and characterization of polymer precursor derived silicon oxycarbide ceramic foams and compacts[END_REF]. Hence, it can be concluded that the nanoparticles were PMHS derived SiOC. The PDC nanoparticles were present both within the grains and at the grain boundaries. The presence of these particles at the grain boundaries can be observed in Fig. 8b. This is particularly important for grain boundary pinning by the Zener mechanism. A recent publication by the same authors has proved this point [START_REF] Pariyar | Imparting high-temperature grain stability to an Al-Mg alloy[END_REF]. Fig. 8c demonstrates that the nanoparticles within the grains acted as pinning points for the dislocations, and in some cases, also helped to form dislocation loops (Fig. 8d). It can also be observed that the morphology of the PDC nanoparticles was very irregular (Fig. 8e). Additionally, there were sub-micron sized particles in the TEM micrographs as well. However, these particles were lower in number compared to the nanoparticles. They could be from the alloy impurities or some larger-sized PDC particles themselves, as it is improbable that fracturing during FSP would produce only nanosized PDC particles.

Mechanical properties of the composite

The composite's mechanical properties were tested and compared with both the plain FSP specimen (prepared under the same conditions but without PDC) and the unprocessed parent material. Fig. 9a shows the engineering stress-strain curves of the three materials. The yield and ultimate tensile strengths (UTS) for the composite were 176±3 MPa and 236±3 MPa, respectively. Whereas, for the parent material, they were 90±2 MPa and 191±3 MPa, respectively. This shows that there were improvements in the yield strength and UTS of the composite by 96% and 24%, respectively as compared to the parent material. The plain FSP specimen exhibited yield and ultimate tensile strengths of 106±1 MPa and 211±3 MPa, respectively. The uniform elongation of the composite was ~ 12±1% (which corresponds to the peak value in the engineering stress-strain curve), after that the specimen underwent necking and the deformation continued leading to fracture at large elongation, which was about ~ 18±2 %. For the plain FSP specimen, the uniform elongation was ~ 19±1% and after necking the specimen continued to deform leading to fracture at ~ 27±1 %. For the parent material, the uniform elongation was ~ 24±2% and beyond necking, the fracture occurred at an elongation of ~ 29±2 %. In the stress-strain curve of many industrially important aluminum alloys, discontinuities in the form of serrations appear during tensile, compressive, and torsional plastic deformation in a specific regime of temperature, strain, and strain rate, due to the Portevin-Le Chatelier (PLC) effect [START_REF] Robinson | Microstructural and mechanical influences on dynamic strain aging phenomena[END_REF]. Al 5052 is known to show such serrations in its stress-strain curve and was observed primarily in the parent material and the plain FSP specimen in this work. However, the amplitudes of these serrations were reduced considerably in the plot for the composite, despite being tested at the same temperature and strain rate. This difference is more evident in Fig. 9b.

Fractography

The SEM micrographs of the fractured surfaces of both the parent material (Fig. 10a) and the composite (Fig. 10b) exhibited typical ductile fracture mode characteristics with a dimpled surface. The composite also showed a combination of large (~ 2 to 5 µm) and small dimples (~ 0.1 to 0.4 µm). This is more evident in Fig. 11, which shows the fractured surfaces in both secondary electron (SE) (Fig. 11a and11c) and backscattered electron (BSE) modes (Figs. 11b and11d). It can be observed in these figures that there were submicron-sized particles within some of the large dimples. This indicated that the large dimples were formed due to fracture initiating at the interface of such particles. This can be expected as the composite also contained submicron-sized impurity particles. However, the smaller dimples had no such particles. Additionally, they were shallower as compared to the large dimples.

The stress-strain curve of the composite exhibited that there was a large improvement in the yield strength as compared to both the parent material and the plain FSP specimen. This improvement can largely be attributed to the presence of PDC nanoparticles. Submicron-sized particles would also contribute to this improvement, however, these particles would also induce void nucleation and crack propagation at the particle-matrix interface. The proof for this can be observed in Fig. 11, which shows submicron particles within the fracture dimples.

Hence, the presence of the submicron particles lower the fracture strain value for the composite. 

Discussion

Reduction in the amplitude of the serrations in the tensile curves

Serrations in the stress-strain curves of 5xxx series alloys of Al are commonly observed due to the dynamic interaction of the mobile dislocations with the solute atoms (PLC effect, also called dynamic strain aging) [START_REF] Estrin | The influence of dispersion particles on the Portevin-Le Chatelier effect: from average particle characteristics to particle arrangement[END_REF]. Dislocations cause the lattice to deform and generate a stress field around it, allowing solute atoms to diffuse in the vicinity of the dislocation due to the stress field in a certain range of temperature and strain rate. These solute atoms can pin the dislocations. However, the dislocations can 'breakaway' from these pinnings, and, when such a scenario ensue, there are stress drops in the stress-strain curve. Hence, the dynamic repeated pinning and unpinning causes serrations to appear in the stress-strain curve [START_REF] Hu | Influence of precipitation on the Portevin-Le Chatelier effect in Al-Mg alloys[END_REF]. The serrations have a characteristic range of frequencies and amplitudes of stress drop. Such behavior is seen in both interstitial and substitutional alloys. There is strain localization during deformation due to the PLC effect, which causes both structural and esthetical problems. The primary macroscopic manifestation of these localized strains is the appearance of bands having a few millimeters in thickness and inclined at ~ 55° to the tensile axis. This phenomenon leads to corrugations on the surface, induces embrittlement, and early failure of the components [START_REF] Yilmaz | The Portevin-Le Chatelier effect: a review of experimental findings[END_REF].

The presence of precipitates in aluminum alloys has been known to reduce the PLC effect. Aged specimens of the same alloy have smooth stress-strain curves as opposed to the solution treated or annealed ones [START_REF] Rosen | Repeated discontinuous yielding of 2024 aluminum alloy[END_REF]. This is because precipitates act as dislocation obstacles when they are non-shearable [START_REF] Pink | The effect of precipitates on characteristics of serrated flow in AlZn5Mg1[END_REF][START_REF] Dierke | Portevin-LeChatelier effect in Al-Mg alloys: Influence of obstacles -experiments and modelling[END_REF]. However, those that can be sheared have an opposite effect due to the development of large dislocation groups owing to the destruction of the obstacles [START_REF] Luft | Microstructural processes of plastic instabilities in strengthened metals[END_REF]. However, for the non-heat-treatable alloys, like the 5xxx series, aging cannot help as such precipitates are not available. Dierke et al. [START_REF] Dierke | Portevin-LeChatelier effect in Al-Mg alloys: Influence of obstacles -experiments and modelling[END_REF] attempted to suppress the PLC effect in Al 5754 by adding 2 and 5 vol.% Al2O3 particles (3µm size) in the matrix, as Al2O3 particles can act as non-shearable dislocation obstacles. However, the PLC effect could not be reduced due to the inhomogeneous distribution of Al2O3 particles and local stress concentrations. Nevertheless, their simulations showed that the introduction of homogenously distributed non-shearable particles can considerably reduce the stress drops.

In the present work, the serrations in the composite's stress-strain curve showed a decrease in their amplitudes compared to the parent material and the plain FSP sample.

Additionally, in the TEM micrographs of the composite in Fig. 8, it was observed that the PDC nanoparticles could act as effective pinning points for the dislocations. Since it is the pinning of dislocations by the obstacles that prevent them from 'breaking out' and causing the stress drops, the PDC nanoparticles with the appropriate distribution could reduce the serration amplitudes.

Strengthening Mechanisms

Several strengthening mechanisms can be active in MMCs based on dislocation motion with dislocation-dislocation and dislocation-particle interaction [START_REF] Dixit | Manufacturing of high strength aluminium composites reinforced with nano tungsten particles for electrical application and investigation on in-situ reaction during processing[END_REF]. These mechanisms are [START_REF] Cavaliere | Mechanical properties of Friction Stir Processed 2618/Al2O3/20p metal matrix composite[END_REF] Orowan strengthening, (2) grain and substructure strengthening, (3) quench hardening due to the difference in the thermal expansion coefficient (CTE) between the reinforcement and the matrix, and (4) load transfer from the reinforcement to the matrix [START_REF] Tjong | Novel Nanoparticle-Reinforced Metal Matrix Composites with Enhanced Mechanical Properties[END_REF]. The three models that are particularly common for the prediction of the yield strength in MMCs comprising of these mechanisms are: (a) Summation model [START_REF] Sanaty-Zadeh | Comparison between current models for the strength of particulatereinforced metal matrix nanocomposites with emphasis on consideration of Hall-Petch effect[END_REF] (b) Zhang and Chen modified shear lag model [START_REF] Zhang | Consideration of Orowan strengthening effect in particulate-reinforced metal matrix nanocomposites: A model for predicting their yield strength[END_REF] and (c) the Modified Clyne model [START_REF] Chelliah | Processing, microstructural evolution and strength properties of in-situ magnesium matrix composites containing nano-sized polymer derived SiCNO particles[END_REF]. It has been suggested that the summation model overestimates the yield strength, as different strengthening mechanisms cannot act independently. Whereas the Zhang and Chen model underestimate the yield strength as it does not consider the Hall-Petch effect (grain and substructure strengthening) [START_REF] Chelliah | Processing, microstructural evolution and strength properties of in-situ magnesium matrix composites containing nano-sized polymer derived SiCNO particles[END_REF]. This would be inappropriate, especially in the present work, as the average grain size was 1 µm, which would have a large effect on the final yield strength. Hence, by considering the arguments mentioned above, the model used here to represent the overall yield strength of the composite is the modified Clyne model given by the following equation [START_REF] Chelliah | Processing, microstructural evolution and strength properties of in-situ magnesium matrix composites containing nano-sized polymer derived SiCNO particles[END_REF]:

= + [( ) + ( ) + ( ) + ( ) ] / (1) 
where σyc and σyu are the yield strengths of the composite and the parent material respectively, σOr is the contribution from Orowan strengthening, σg is the contribution from grain refinement, σCTE is quench strengthening, and σLT is the strengthening due to load transfer.

The value of σOr can be calculated using the following equation [START_REF] Dieter | Mechanical Metallurgy[END_REF]:

σ = . ln( / ), (2) 
where G (= 25.9 GPa) is the matrix shear modulus, b (= 0.286 nm) is the Burgers vector, r is the average radius of the particles, and λ is the interparticle spacing expressed as:
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where dp is the average size of the particles, and f is their volume fraction.

σg can be calculated using the Hall-Petch relationship:

= * + +! , / , ( 4 
)
where σ0 is the internal back stress or the frictional stress to the motion of dislocation glide, d is the matrix grain size and k is the Hall-Petch slope. The value of σ0 is 10 MPa and k is 0.06 MPa(m) -1/2 [START_REF] Thangaraju | On the Estimation of True Hall-Petch Constants and Their Role on the Superposition Law Exponent in Al Alloys[END_REF].

σCTE can be calculated using the following equation:

= -α. / ∆ ∆ & ( ,&) 0 1 2 / , (5) 
where α is a constant whose value is 0.5 and M is the Taylor factor whose value is 3.06. G is the shear modulus of the matrix, b is the burgers vector, ΔC is the CTE difference between the reinforcement and the matrix, ΔT is the temperature change, and dp is the particle size.

σLT can be calculated using the equation [START_REF] Chelliah | Processing, microstructural evolution and strength properties of in-situ magnesium matrix composites containing nano-sized polymer derived SiCNO particles[END_REF]:

= 0.5 5 , (6) 
The calculated values of σor, σg, σCTE, and σLT are presented in Table 1 along with the theoretical yield strength (σyc) calculated using Eq. ( 1) and the measured yield strength (σy) of the composite. Hence, from Table 1, it can be understood that there was an overestimation of the calculated yield strength of the composite, and the major portion of its value was due to grain strengthening and quench hardening. However, this is not entirely correct since the calculations were based on the particle size from the SEM micrographs and only the sub-micron particles could be resolved. Hence, there would be an underestimation of the σor values in such a scenario as TEM micrographs showed that most of the PDC particles were well below the threshold value of 100 nm. Otherwise, a value >100 nm would result in the Orowan strengthening mechanism, becoming insignificant. Furthermore, in the same micrographs, dislocations generated due to the CTE mismatch between the reinforcement and the matrix could not be observed near the reinforcement particles. This suggests that quench hardening would not contribute much to the composite's yield strength, contrary to the calculations made. With the removal of σCTE from Eq. 1, the new calculated yield strength of the composite (σ'yc) was 158 MPa. This value was lower than the experimentally measured yield strength value. This suggests that the Orowan strengthening would play a more significant role in strengthening the composite than represented in Table 1. 

Fracture behavior and the particle-matrix interface

In particulate reinforced MMCs, due to the differential strain in the matrix and the reinforcement, localized stress concentration occurs at the particle-matrix interface due to the GNDs (geometrically necessary dislocations) needed to assure the material compatibility.

Three kinds of scenarios typically depict the type of fracture that takes place: (a) when the magnitude of the local stress is greater than the fracture stress of the particle, then the particle cracks. The propagation of these cracks occurs by connecting such cracked particles by microvoid coalescence of the matrix. (b) When the interfacial strength is lower than the particle's fracture strength and the local stress is greater than the interfacial strength, then there is void nucleation at the interface. The crack will propagate by microvoid coalescence in the matrix through the interface voids. (c) When both the interface and the particle are strong, the fracture occurs due to microvoid coalescence in the matrix only [START_REF] Bhanuprasad | Fractography of Metal Matrix Composites[END_REF].

Failure of MMCs has normally been reported to occur by mechanism (b), with usually the reinforcing particle present within the fracture dimples [START_REF] Guo | Effects of nano-Al2O3 particle addition on grain structure evolution and mechanical behaviour of friction-stir-processed Al[END_REF][START_REF] Huang | Microstructure and mechanical properties of fine-grained aluminum matrix composite reinforced with nitinol shape memory alloy particulates produced by underwater friction stir processing[END_REF]. In the present composite, there were submicron-sized particles within the large dimples (Fig. 11). It is common for alloys to have crack initiation taking place where impurity particles are present [52]. Hence, in the present composite as well, it can be understood that such impurity particles would play a role in crack initiation. The presence of submicron-sized particles within the large dimples suggests that failure took place by mechanism (b) in this composite as well.

The fracture strain is highly dependent upon the interface bond strength in an MMC.

This interface bond can be either mechanical or chemical. Mechanical bonding takes place due to the surface roughness of the reinforcing particle. Suppose the matrix material can fill the hills and valleys of the reinforcement particle surface, due to the difference in the CTE of the matrix and the reinforcement, it can shrink within those features when cooled from a high temperature. Such a situation results in the matrix material gripping the reinforcement and producing a mechanical interlock, thus forming a strong interface [START_REF] Chawla | Metal Matrix Composites[END_REF]. It was observed in Fig. 3 that the PDC particle had a very rough surface with irregular 'spikes'. As mentioned earlier, the matrix material would be able to flow during the 4 th FSP pass and 'fill up' the gaps between the irregular spikes. When cooling would take place, due to the difference in CTE between the PDC and the matrix, a firm grip between the two materials could prevail. This could lead to mechanical interlocking and improve the interfacial bond strength. However, the presence of the impurity particles would probably supersede this effect and cause the fracture to occur prematurely. A specimen without impurities would be needed to test this hypothesis.

Conclusions

In this work, the microstructure and the mechanical behavior of a lightweight in-situ PDC metal matrix composite were examined which had been fabricated by FSP. The following conclusions can be drawn from the results obtained:

1. The PDC particles were distributed throughout the nugget region of the specimen. These particles were present both within the grains and at the grain boundaries. The ones within the grains acted as pinning points for the dislocations. Whereas, the rest contributed to grain boundary pinning. Additionally, some submicron-sized particles due to the impurities could also be observed, albeit far lower in number compared to the PDC particles.

2. The composite NZ exhibited a recrystallized microstructure. There was drastic grain refinement from a size range of ~10 to 20 µm in the parent material to 1 µm in the composite during the processing.

3. The composite exhibited an improvement in the yield strength by 96 % and UTS by 24 % as compared to the parent material. This improvement was due to the combined effect of PDC particle reinforcement and grain refinement. The percentage elongation value indicated that it possessed good ductility.

4. There was also a reduction in the amplitudes of the serrations in the composite's tensile curve unlike the parent material and the plain FSP specimen. This could be attributed to the effective dislocation pinning by the PDC nanoparticles.

Figure 1 :

 1 Figure 1: (a) SEM micrograph of cross-linked PMHS particles. (b) FTIR spectrum of PMHS. (c) The thermogravimetric curve of PMHS. (d) FTIR spectrum of SiOC obtained after pyrolysis of PMHS.

Figure 2 :

 2 Figure 2: 3D reconstructed presentation of the pores (in blue) obtained from micro CT scans as seen from different angles for the specimen after the pyrolysis and before the final 4 th FSP pass.

Figure 3 :

 3 Figure 3: SEM micrograph of the composite after the pyrolysis but before the final 4 th FSP pass, showing a PDC within its pore.

Figure 4 :

 4 Figure 4: BSE-SEM micrographs of the nugget zone cross-section of the composite after the final 4 th FSP pass, in different regions: (a) top (b) central and (c) bottom regions. The black regions are areas where the particles were removed due to electropolishing.

Figure 5 :

 5 Figure 5: Elemental maps obtained using EPMA for the cross-section of the nugget region.

Figure 6 :

 6 Figure 6: EBSD data of the parent material (a) IPF map (b) grain boundary map.

Figure 7 :

 7 Figure 7: EBSD results obtained from the cross-section of the nugget zone (central region) of the composite, after the final 4 th FSP pass: (a) IPF map (b) grain boundary map (c) GOS map.

Figure 8 :

 8 Figure 8: TEM bright-field (BF) images of the composite after the final 4 th FSP pass, showing (a) the distribution of nanoparticles and submicron particles in the specimen, (b) grain boundary pinning by the nanoparticles, (c) dislocations pinned by the nanoparticles, (d) dislocation pinning and dislocation loop formation due to the nanoparticles, and (e) a high magnification BF image showing the PDC morphology.

Figure 9 :

 9 Figure 9: (a) The engineering stress-strain curves for the parent material, plain FSP specimen (prepared under the same conditions but without PDC), and the final composite. (b) Magnified portion of the stress-strain curves showing the reduction in the amplitude of the serrations in the composite as compared to the parent material and the plain FSP specimen.

Figure 10 :

 10 Figure 10: Fractography of the broken tensile specimens of the (a) parent material (Al 5052 annealed at 343°C for 2 hrs.) (b) composite (obtained after the final 4th FSP pass).

Figure 11 :

 11 Figure 11: The fractured surface of the composite (obtained after the final 4th FSP pass) after tensile testing showing (a-d) the combination of large and small dimples with the presence of submicron particles in the former.

Table 1 : Contribution to the yield strength of the composite by the predominant strengthening mechanisms

 1 

	σOr	σg	σCTE	σLT	σyu	σyc (MPa)	σy (MPa)	σ'yc (MPa)
	(MPa)	(MPa)	(MPa)	(MPa)	(MPa)	(Calculated)	(Experimentally	(Calculated
							measured)	without σCTE)
	26	63	105	1.13	90	215	176	158

Acknowledgements

This work was supported by the French State through the program "Investment in the future" operated by the National Research Agency (ANR) and referenced by ANR-11-LABX-0008-01 (LabEx DAMAS). Abhishek Pariyar acknowledges the Ph.D. scholarship awarded by the Ministry of Human Resource Development, Govt. of India. Also, special thanks to Yudong Zhang (LEM3, Labex-DAMAS, Metz, France) for the help provided during TEM operation and its data analysis, Julien Guyon (LEM3, Labex-DAMAS, Metz, France) for the help in TEM sample preparation, Dr. Olivier Perroud (LEM3, Labex-DAMAS, Metz, France) for the help provided during micro CT measurements, Tanyaradzwa Muzata (Dept. of Materials Engineering, IISc, Bangalore) for the help in TGA measurements and, Dipen Biswakarma (Dept. of Organic Chemistry, IISc, Bangalore) for the help in FTIR measurements.

Conflict of interest:

The authors declare that there is no conflict of interest.