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Abstract 

 

In this work, a methodology was developed for the manufacture of a composite from AA6061 in a combination of 

microparticles (3 μm) of residual Mullite/Zircon ceramic as a reinforcing agent. During the development, the Stir Casting 

technique was used to facilitate the homogeneous combination between matrix and reinforcement, a T6 treatment was also 

carried out, later the composite was analyzed by X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy 

Dispersive Spectroscopy (EDS) and Optical Microscopy (OM) to verify the presence and distribution of the particles, finally 

hardness tests were carried out, the estimation of the grain size was carried out by means of computer software and the 

comparison of results between the alloy and the composite was carried out. 

 
Study of a composite material of AA6061 reinforced with residual refractory 

Objectives Methodology Contribution 

Manufacture the mullite/zircon waste ceramic 

composite by stir casting process. 
 

 

Create a homogeneous mixture between the matrix and 

the reinforcing agent by means of mechanical agitation. 

 

Obtaining a composite by reusing residual and recycle 

refractory. 

 

 
 

Characterize the AA6061 alloy, remelted alloy and 

composite by XRD and SEM. 

 

Determine the phases present and their present 

microstructure, and grain shape. 

 

Obtaining a composite with the best physical 

characteristics. 

 
 

Measure the hardness of AA6061 alloy, recast alloy 

and composite and determine the effect of reinforcing 

agent addition. 

 

 
 

Determine penetration resistance. 

 

 

 

A positive effect on mechanical properties in composite. 

 

 

 

Composite, AA6061 matrix, residual reinforced, hardness 

 
Resumen 

 

En este trabajo se desarrolló una metodología para la fabricación de un composite a partir de la AA6061 en combinación de 

micropartículas (de 3 μm) de cerámica residual Mullita/Zircón como agente de refuerzo, durante el desarrollo se empleó la 

técnica Stir Casting para facilitar la combinación homogénea entre matriz y refuerzo además se realizó un tratamiento T6, 

posteriormente se analizó el composite por Difracción de Rayos X (DRX), Microscopia Electrónica de Barrido (MEB), 

Espectroscopia de Energía Dispersiva (EDS) y Microscopia Óptica (MO) para verificar la presencia y distribución de las 

partículas, finalmente se realizaron ensayos de dureza, se realizó la estimación del tamaño de grano mediante software por 

computadora y se realizó la comparación de resultados entre la 

aleación y el composite. 

 
Estudio de un material composite de AA6061 reforzado con refractario residual 

Objetivos Metodología Contribución 

Fabricar el composite de cerámica residual de 

mullita/zircón mediante el proceso Stir casting. 

 
 

Crear una mezcla homogénea entre la matriz y el agente 

refuerzo por medio de la agitación mecánica 

 

Obtener un composite mediante el reusó y reciclaje de 

refractario residual. 

 

Caracterizar la aleación AA6061, aleación refundida y 

composite mediante DRX Y MEB 

 

Determinar las fases presentes y su microestructura 

presente, y forma de grano 

 

Obtención de un composite con las mejores 

características físicas. 

 

 
 

Medir la dureza de la aleación AA6061, aleación 

refundida y composite y determinar el efecto de la 

adición del reforzante. 

 

Determinar la resistencia a la penetración 

 

 

Un efecto positivo en las propiedades mecánicas del 

composite. 

 
 

 

Composite, matriz AA6061, refuerzo residual, dureza 
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1. Introduction 

 

The use of aluminium alloys in transportation is necessary due to mechanical, anticorrosive and low-

density properties. The AA6061 alloy provides high mechanical resistance, which is why it is used in 

means of transportation due to better alloys (Al-Mg-Si). Its high resistance-to-weight ratio is mainly used 

to replace chassis parts and external engine parts, rarely internal parts such as engine heads, pistons and 

gears, due to its low hardness and low mechanical resistance of the alloy. This generates the need to 

manufacture materials resistant to wear and deformations. In this work, a Metal Matrix Composite 

(MMC) was manufactured, using AA6061 as the matrix phase and Mullite/Zircon ceramic as the 

reinforcing phase, chosen for its high hardness and good resistance to high working temperatures 

(>660°C) allowing to modify the mechanical properties of this composite manufactured by the 

mechanical stirring method called by various authors as the stir casting process; the Mullite/Zircon 

ceramic particles are obtained from the moulds used in the investment casting process, also called the 

lost wax casting process; the residual ceramic powder from this process is an ideal option to be reused as 

a reinforcing phase for the manufacture of the composite with better properties to provide the applications 

with greater performance, wear resistance and durability. 

 

The 6061 aluminium alloy is a heat-treatable alloy because it contains the elements of silicon and 

magnesium, so its mechanical properties are conditioned by the tempering of this material. Originally 

this alloy was called “61S” and originated in 1935 (Sanders, 2001). It stands out for its good mechanical 

properties, structural hardness and good resistance to corrosion as well as welding applications. It is one 

of the most common aluminium alloys today, known as structural aluminium (Wang et al., 2024).  

 

The raw material used as reinforcement in this composite is the highly refractory residual ceramic 

Mullite/Zircon from the aluminosilicate family with high hardness and thermal shock resistance 

properties. The ceramic is obtained from the residues of the ceramic moulds from the Investment Casting 

process known as lost wax casting, used to cast unconventional or difficult-to-machine parts (Kaila and 

Dave, 2021). Historically a process known as semi-solid metallurgy was in fashion in the 1980s, the 

development of Metal Matrix Composites (MMC) began as a set of combinations to traditional casting 

and forging processes with the aim of generating a characteristic microstructure by adding microparticles 

to the compound, currently this process has been carried out by various researchers calling it Stir Casting 

using a system of blades for agitation between the matrix and the reinforcement (Prieto, 2012). Ceschini 

et al., 2017 used the Stir Casting method obtaining a mullite composite using a particle size of 23 nm, 

the properties obtained were greater hardness and compressive strength. Shirvanimoghaddam, 2016 

determined that the aluminium composite with ceramic microparticles such as B4C, TiB2 and ZrSiO4 

(zircon) at 5% by weight support higher loads due to the union of the particles dispersed mainly in the 

grain boundaries, the reinforcement has shown improvements in its properties also increasing the tensile 

strength by 51% and hardness by 125%. E.A. Caneo, 2017 developed a 0.5% Al2O3 AA6061 matrix 

composite with a particle size of 20 nm by the Stir Casting method in addition to applying a T6 temper 

obtaining a higher modulus of elasticity than the original alloy highlighting that the nanoparticles that 

are distributed in the phase receive part of the applied load compared to the one that has no reinforcement. 

 

Gopi et al., 2013 obtained a composite of AA6061 matrix (50 BHN initial) with zircon and 

graphite particles with particle sizes between 10 to 20 μm, they used zircon for its high hardness, high 

modulus of elasticity, excellent thermal stability. The results showed that Brinell hardness improved to 

73.5 BHN by adding 4 and 6% by weight of zircon while maintaining a constant 2% of graphite.  

 

It showed an improvement in wear resistance of 35% with a wear speed of 400 rpm. Das et al., 

2014 prepared a mechanically stirred composite from AA6061 with 10% SiC particles of 63 μm size, 

applying a T6 treatment at 550°C for 45 min and aging at 180°C for 8 h, and obtaining a maximum tensile 

strength, highest mechanical strength of 257 MPa and a straightness of 115 BHN. Mainly, the advances 

in composites with aluminium matrix have focused on using weight percentages (1% to 20% by weight) 

of SiC and Al2O3 (with a particle size of 15-30 μm) to modify the tribological and mechanical properties 

in A359, 2000 series and 6000 series aluminium alloys.  
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It was determined that the tribological resistance to wear increased, the Vickers hardness of the 

aluminium matrix increased, the toughness of the material was raised with a minimum of 10% of SiC 

particles, the tensile strength increased more than in conventional alloys (Khalili et al., 2020); However, 

the nucleation and dispersion of the particles are almost homogeneous and they present porosity in the 

microstructure. Reddappa & Ramesh, 2013 developed a composite of AA6061 with SiC and Al2O3 

manufactured by the Stir Casting process obtaining a microstructure with uniform dispersion of particles, 

concluding that these influence the mechanical and physical properties of the material. 

 

Akkurt, 2015 developed 1350-H19-Zn-Al2O3 composites by the Stir Casting process at 700 rpm 

for 7 min, varying from 0%, 6% and 12% by weight and Zn at 5%, the value of the hardness (BHN) 

increases (from 46 to 52 BHN) as the percentage of Al2O3 increases. Bharathiraja & Xavior, 2024, 

produced a composite with a matrix of AA6061 and Al2O3 (24 μm) using the Stir Casting process 

analysing the wear tests in a pin-on-disc testing machine (60HRC), the results showed a considerable 

increase in the wear resistance of 67% at 20N and 50% at 25 N. Muzeer & Sivaganesan, 2022, analysed 

the tribological behaviour of AA6061-based metal matrix composites and reinforcements of 2%, 4%, 

and 6% ZrO2 (20 μm) particles and 4%, 8%, and 12% SiC (80 μm) in pin-on-disc tests (60HRC) (400 to 

600 rpm), and concluded that the wear rate of Al6061 + 6% ZrO2 + 12% SiC hybrid composites is lower 

than that of unreinforced aluminium alloys. 

 

In general, aluminium alloys such as AA6061 have good mechanical strength and relatively low 

hardness regardless of their chemical composition, giving them little resistance to wear and making it 

impossible to use in applications that require it. Thus, a composite with a matrix of aluminium alloy 6061 

(AA6061) was obtained by means of the Stir Casting process using 1% by weight of residual mullite 

(Al6Si2O13)/zircon (ZrSiO4) ceramic as reinforcement. 

 

2. Methodology 

 

2.1 Materials 

 

The raw material used was AA6061 from the metals company with a purity of 95.6% and the alloying 

elements shown in Table 1. 

 

Box 1 
 

Table 1  

Chemical composition of aluminum 6061 
 

Si Fe Cu Mn Mg Cr Zn Ti Otros Al 

0.4-0.8 0.7 .15-0.4 0.15 0.8-1.2 .04-.35 0.25 0.15 0.15 95.6 
 

Source Own 
 

The ceramic waste (CW) was obtained from a manufacturing investment casting process. The 

chemical composition of ceramic waste was determined by X-ray Fluorescence spectrometry technique, 

using a Philips PW 1404 X-ray fluorescence spectrometer using a voltage regime of 100 kV and 100 mA 

of current, to determine: Al, Si, Zr, Fe, Na, Ca, K, Mg and Mn. 
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Box 2 
 

Table 2 

Composition of ceramic waste, (CW) 
 

Elements No. Charter DRX wt. % 

Al6Si2O13 (mullite) 

ZrSiO4 (zircon) 

SiO2 

Fe2O3  

CaO 

MgO2 

TiO2 

MnO2 

00-015-0776 

780-790 

00-027-0605 

82-0598 

 

00-019-0771 

00-034-01807 

00-043-1455 

80 

16 

0.9 

0.7 

0.9 

0.5  

0.5 

0.5 
 

Source Own 
 

2.2 Preparation of the Stir Casting process 

 

The composition of the residual refractory was determined to be 1% Mullite/Zircon powders. The 

powders were then dried in an autoclave at 130°C for 20 min. A stirrer with a blade angle of 135° with 

respect to the X axis was used, in such a way as to allow a continuous flow at the bottom of the crucible. 

 

The objective of stir casting is to create a homogeneous mixture between the matrix and the 

reinforcing agent by means of mechanical agitation. The melting process was temperature was raised to 

800 °C. Argon atmosphere was introduced to generate an inert atmosphere so that the oxygen present in 

the environment does not react with the aluminum and the furnace resistors. The addition of particles 

was carried out by removing the slag and adding them. 

 

2.3 Heat treatment composite 

 

The solubilization treatment was carried out using a Thermolyne brand electric oven, model 48000, at a 

temperature of 560 °C for 3 hours, then tempering was carried out in ice water, ensuring rapid cooling.  

Subsequently, the artificial aging heat treatment was carried out. For this experiment, the temperature of 

the samples was raised to 175 °C for 15 min, 30 min, 1 h, 3 h, 5 h and 8 h, to analyze the hardness 

behavior at each established time and the effect of the residual refractory. 

 

2.4 Optical Microscope and Scanning Electron Microscope Characterization 

 

A conventional optical microscope, Velab brand, model VE-407+VE-LX1000, is used to observe a 

surface finish free of imperfections, determine its present microstructure and grain shape. A JEOL brand 

Scanning Electron Microscope, model JSM IT100, with a working distance of 16 mm and voltage of 20 

Kv, was used to verify and analyze the morphology of the phases present, determining the area, 

distribution of the ceramic particles and precipitates present on the matrix-reinforcement surface of the 

material, obtaining micrographs of AA6061, AA6061-Refused and Composite. 

 

2.5 X-ray Diffraction Characterization 

 

A Bruker D8 Discover X-ray Diffraction equipment was used with a Cu Kα radiation of 1.5456 nm, from 

20 to 80° 2 theta, a voltage of 40 kV, 30 mA to determine the phases present and their crystallographic 

orientation of the AA6061 samples and the composite. 

 

2.6 Hardness test 

 

A CMS Metrology brand HR-45/150D model durometer was used to determine the HRB scale 

penetration resistance for the AA6061 alloy and the composite. A steel ball indenter with a diameter of 

1.58 mm and an applied load of 100 kg/f for 10 seconds was used in accordance with the recommendation 

of the ASTM Rockwell Hardness E-18 standard (E28 Committee, 2024). In sections and b the CMS 

Metrology durometer is observed performing the indentation. 
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3. Results 

 

3.1 Microstructural and distribution of particles in composite analysis. 

 

The figure 1 shown the micrograph of the supplier's AA6061-T6 (extruded by the manufacturer) is shown 

showing few precipitates (black dots: blue circles) and little revelation of grain boundaries due to the 

absence of chemical attack. In the supplier's AA6061-T6 with chemical attack is shown, it is 

characterized by having the phases: α (light yellow colour) + Mg2Si (black dots: blue circles) + Fe3SiAl12 

(light grey dots: green circles) according to the cited authors (Suresh & Moorthi, 2013, Lee et al., 2023). 

 

Box 3 

 

 
 

Figura 1 

MO micrograph AA6061 Supplier with chemical attack 40x. 
Source Own 

 

In the figure 2, the AA6061-T6 remelted the surface of the alloy with Keller chemical attack is 

observed with the precipitates (green circles) and corresponding grain boundaries. 

 

Box 4 

 

 
 

Figura 2 

MO micrograph AA6061 supplier with chemical attack 40x 
Source Own 
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Figure 3 shown corresponds to the composite with chemical attack with grain boundaries, both 

figures showing irregularly shaped brown Mullite/Zircon microparticles (blue circles) and precipitates 

corresponding to AA6061 (green circles). 

 

Box 5 

 

 

 

Figura 3 

MO micrograph of composite 40x 
Source Own 

 

3.2 Phases in the composite by X-ray diffraction (XRD). 

 

The XRD spectrum is observed with representative peaks of the residual Mullite/Zircon ceramic powders 

identified with the crystallographic charts located in the appendix section (David Raja Selvam et al., 

2013, Suresh & Moorthi, 2013), corresponding to the Mullite compounds in green letters and Zircon in 

black letters, see figure 4. 

 

Box 6 

 

 

 

Figura 4 

Pattern diffraction of residual Mullite/Zircon ceramic 

Source Own 

 

In Figure 5, the XRD spectrum of AA6061-T6-Supplier, and 0 AA6061-Remelted is observed 

with the representative peaks of aluminum identified with the crystallographic chart in the annexes 

section, showing in each peak the position of the 2Theta angle and crystallographic coordinate, for the 

first peak 38.47 (111), second 44.74 (200), third 65.13 (220), and fourth 78.23 (311). 
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Box 7 

 

 

 

 

Figure 5 

Pattern diffraction of a) AA6061-T6-Supplier alloy and b) AA6061 

melting 

Source Own 

 

In the figure 6, the spectrum is observed with the peaks representing aluminium (peaks with a 

star) and ceramic powders (peaks with circles) identified with the crystallographic charts located in the 

appendix section. 

 

Box 8 

 

 

 

Figura 6 

Pattern diffraction of composite 

Source Own 

 

a)

b)
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3.3 Phases, morphology and distribution of particles in composite by Scanning Electron 

Microscopy (SEM-EDS) 

 

The Mullite/Zircon microparticles were analysed by SEM, figure 7, showing their irregular morphology 

and rough surface of different sizes (4,6,15,26 μm), the punctual EDS analysis shows the elements: 

aluminium, zircon, silicon and oxygen that correspond to the areas marked in yellow boxes of the 

micrograph. 

 

Box 9 

 

   

 

Figura 7 

Elementary composition, size and morphology in refractory residual 

particles 

Source Own 

 

In the micrograph of the figure 8 without chemical attack, the Mg2Si precipitates are observed 

(black dots enclosed in green circles) and the α phase in gray color mentioned by the authors cited (Suresh 

& Moorthi, 2013), the punctual EDS analysis obtained in which the elements of magnesium and silicon 

stand out, correspond to the Mg2Si precipitates of the AA6061.  

 

Box 10 

 

  

 

Figura 8 

Elementary composition, size and morphology AA6061 supplier alloy 

Source Own 

 

Figure 9, the micrograph was observed with little revelation of precipitates and grain boundaries 

marked in yellow circles due to the absence of the Keller chemical attack and punctual EDS analysis 

(right) shows the elements Al, Mg, Si, in the areas marked in green boxes (left). 

 

 

 

 

 

 

 

 



74 

 

 

Box 11 

 

    

 

Figura 9 

Elementary composition, size and morphology in AA6061 melting alloy 

Source Own 

 

Figure 10, the mullite/zircon particles with an average size of 3.4133 μm are observed, distributed 

homogeneously within the AA6061 matrix marked in blue circles, as well as a certain porosity in yellow 

circles. The punctual EDS spectrum in which the elements Silicon and Oxygen stand out corresponds to 

the areas of green boxes. 

 

Box 12 

 

  

 

Figura 10 

Elementary composition, size and morphology in composite 

Source Own 

 

3.4 Effect of reinforcement on composite grain zise and hardness. 

 

In Figure 11, the average results for the hardness tests of AA6061-Remelted and composite are shown, 

the values of grain area reduction with respect to the treatment time of each sample are observed; the 

green line corresponds to the composite with a standard deviation of 9,562.43231 μm² and the yellow 

line corresponds to the remelted alloy with a standard deviation of 13,141.564 μm². 
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Box 13 
 

 
 

Figura 11 

Change of zise of grain during aged heat treatment 
Source Own 

 

The figure 12 shows the results of HRB hardness measurements on the re-melted AA6061 alloy 

and the AA6061/residual ceramic composite. The results indicate that for the aging sequence of the 

AA6061-R alloy the hardness remains almost constant, since it starts at 0.25h at 49.2 HRB, and for a 

time of 8h the hardness was 48.9 HRB, see figure 10. The hardness of the AA6061/residual ceramic 

composite material starts at 0.25h with 9.04 HRB and for the time of 8h 61.63 HRB. Thus, the change in 

hardness is due to two factors: 1) the residual ceramic particles are an obstacle to generate deformation, 

and 2) the generation of more grain boundaries, i.e. smaller grains, is promoted, which produces an 

obstacle to the movement of dislocations. 

 

Box 14 

 

  

Figura 12 

Change of hardness during aged time. 
Source Own 

 

Conclusions 

 

− The grain refinement is notable as the exposure time of the artificial aging increases, contributing 

to the increase in hardness of the composite and AA6061-Recast. 

 

− An initial grain area for the AA6061-Recast of 35,200 μm² was obtained in the 15 min sample 

and 432.08 μm² in the 8 h sample, an initial grain area of the composite of 24,870 μm² in the 15 

min sample and 533.92 μm² in the 8 h sample. 
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− The results indicate that the composite reinforced with Mullite/Zircon microparticles increases 

the hardness of the material, increasing its value by 26% with respect to the AA6061-Remelted 

after 8 hours of exposure to the artificial aging treatment. 

 

− The highest hardness results were obtained after 8 hours of artificial aging for the composite 

(61.63 HRB) and 3 hours for the AA6061 (51.28 HRB). 

 

− According to the results and background presented, the incorporation of reinforcements to the 

MMC increases mechanical properties, used to overcome limitations of the matrix material such 

as greater rigidity and wear resistance. 
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