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Abstract: The effect of speed and time of stirring for AA6063 matrix manufactured by Electric Induction 

Furnace and reinforced 0.75wt.% and 1.5wt.% of Al2O3 nanoparticles is studied. The specimens 

produced were subjected to tensile, microhardness, and tribology tests. It is observed that an increase 

in the speed and agitation time for AA6063 samples reinforced with 0.75%, favors an increase in the 

grain size, while an opposite effect is observed with the parts produced with 1.5%, where a grain 

refining effect is favored, affecting the mechanical properties of the reinforced alloy. The data obtained 

in this work show that the stirring speed and time will depend on the content of reinforcing particles 

used in the alloy 
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1. Introduction 
 

Metal matrix nanocomposites provide new opportunities for 

the design of new structures, improving their tribological 

performance, as well as their mechanical and physical 

properties (Cabeza et al., 2017; Casati et al., 2015; Tjong, 2007). 

The aluminum matrix reinforced with alumina nanoparticles 

are of great interest in applications such as structural systems, 

car brake discs, combustion engines, so on. However, the 

processing of these composite materials presents complexities 

depending on the production method (Koli et al., 2014). The 

application of nanoparticles as reinforcement material allows a 

higher surface / volume ratio (up to 1000 times more) compared 

to the application of microparticles, allowing to obtain a greater 

reinforcement and optimization of the mechanical properties 

(Madhukar et al., 2016; Madhukar et al., 2019).   

In general, for the synthesis of these nanocomposites, 

powder processing methods are used followed by 

compaction and sintering processes, high mechanical 

deformation, or production of nanocomposites in the form of 

coatings via electrodeposition or PVD. Nevertheless, the 

application of casting and stirring processes have had a great 

impact because these have implied a greater production of 

this type of material, as well as adaptation to different shapes 

and sizes of parts depending on the casting molds (Koli et al., 

2014). In addition, stir casting is an inexpensive process that 

allows the use of different types of alloys, highlighted to 

manufacture bulk quantities of reinforced parts. (Bhowmik et 

al., 2021; Jiang & Wang, 2015). 

It is expected that in casting processes a suitable bond 

between the matrix and the nanoparticles is obtained (Akbari 

et al., 2013; Mazahery & Ostadshabani, 2011). However, the 

properties of the reinforced part can be subject to process 

factors such as speed, and stirring time of the molten 

compound (Liu et al., 2020). Mechanical stirring mixes the 

ceramic particles into the molten metal. When the agitation is 

stopped the particles tend to sink, float, or agglomerate in a 

non-homogeneous way (Akbari et al., 2013). A homogeneous 

arrangement of the nanoparticles plays an important role on 

the mechanical behavior of reinforced parts, for which it is 

necessary to determine the optimal conditions during the 

manufacturing processes of alloys reinforced by casting 

processes. Due to this, the aim of this work is focused on 

studying the effect of the time and speed of stirring of the 

metal bath on the tribological, physical, and tensile properties 

of AA6063 parts reinforced with two percentages of alumina 

nanoparticles. The work contributes that the agitation speed 

and time for the smallest fraction used is decisive for the final 

mechanical properties. In addition, a great contribution is 

made by presenting wear results which can be taken into 

account by the industrial sector, as well as results of 

comparison with other investigations. 

2. Experimental 
 

The AA6063 specimens reinforced with Al2O3 nanoparticles 

(Al2O3-np) were manufactured in an Electric Induction Furnace 

with a built-in mechanical stirring system. The Al2O3-np (10 – 

50 nm particle size) were characterized in a TEM FEI-Tecnai 

Spirit at 120kV in bright field, dark field, and electron 

diffraction modes, as well as by XRD using a Panalytical 

diffractometer with Co Kα radiation (λ = 1.75 Å). The Al2O3-np 

were added into the AA6063 melted at 700 °C in quantities of 

0.75 wt.% and 1.5 wt.%, stirred at 350 RPM and 600 RPM during 

5 min and 10 min, respectively. The molten material was 

poured into 1” x ½” rectangular metal molds with a height of 

8”. Although the addition of Al2O3-np is shown as an excellent 

candidate to optimize the mechanical properties of aluminum 

parts produced by stirring, (Kandpal et al., 2017; Mohanavel et 

al., 2018), it was decided to add a low content of nanoparticles 

in order to avoid the formation of agglomerations, while 

observing the effect of reinforcing the matrix with a low 

content of nanoparticles.  

The specimens produced were prepared metallographically, 

and analyzed in a SEM Leo-430 at 20Kv. Mechanical properties 

were evaluated using microhardness tests at 500gf for 10s, and 

tensile tests on a universal Microtest EM2/500/FR machine 

according to ASTM B557-02A. Additionally, tribology tests 

were evaluated using the pin-on-disk technique according to 

ASTM G99-04, applying a force of 10N at 120RPM, with a 

distance of 500m and 2mm footprint radius. A total of three 

replicates were made for each trial. 

 

3. Results and discussion 

 

Figure 1(a) shows the XRD pattern obtained. The data show 

that the nanoparticles correspond to γ - Al2O3, presenting a 

space group 𝐹𝑑3̅𝑚 (227) with lattice parameters 7.932 Å, and 

an angle of α = β = γ = 90 ° (Cod. 1101168); corundum is 

presented lattice parameters a = 4.805 Å, b = 4.805 Å, and c = 

13.116 Å, and angles of α = β = 90 ° and γ = 120 ° (Cod. mp-1143); 

and θ - Al2O3 with a space group c2/m, lattice parameters a = 

11.985 Å, b = 2.91 Å, and c = 5.621 Å, and angles of α = γ = 90 ° 

and β = 103.79 ° (Cod. mp-7084). Furthermore, laser particle 

scattering tests were performed using isopropyl alcohol as the 

dispersing agent and accompanied by TEM technique. Figure 

1(b – d) show a set of bright and dark field images of Al2O3-np 

with its corresponding diffraction pattern. At lower 

magnification Al2O3-np aggregates in the 50 nm – 700 nm 

range were observed. At higher magnification it was possible 

to show the rod-shaped morphology presented by the Al2O3-

np. The diffraction patterns inset presented well-defined rings, 

indicating a polycrystalline structure with small crystal sizes. 

The red circles indicate the reflection used to obtain the 

respective dark field. The indexing of the diffraction patterns 
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determined that the Al2O3-np correspond to the gamma phase, 

corroborating the results obtained by XRD. Particle size was 

measured in the dark field images. Figure 1(d) presents the particle 

size distribution for the Al2O3-np. The results obtained show a 

particle size between 5nm–50nm, with an average size of 24±10nm. 

Figure 2 shows the microstructural change and the grain 

size of the built parts. The grain Size was obtained according 

to ASTM E-112 for each specimen, which is presented in Figure 

3. A growth in grain size is produced by the increasing in the 

stirring speed for specimens with 0.75wt.%Al2O3-np, while 

specimens with 1.5wt.%Al2O3-np show an opposite effect, 

obtaining the minor value of up to 78.54µm for the AA6063 

reinforced with 1.5wt.%Al2O3-np at 600RPM during 10min.  

The unreinforced AA6063 parts had an average grain size of 

52 µm. The addition of A2O3-np generates a refining effect in 

most of the parts produced. The parts produced with 0.75 wt. 

% A2O3-np lose their refining effect when stirring time and 

speed is increased, obtaining an optimal grain size at 350 

RPM/5min. In contrast, the parts reinforced with 1.5 wt.% A2O3-

np show an opposite effect, increasing the refining effect by 

increasing the time and speed of stirring. The variation of the 

average size of the built parts is shown in Fig. 3. This 

decreasing can be accompanied by a potential increase in 

dislocation density at the interface between the nanoparticles 

and the matrix, due to the mismatch of coefficients of thermal 

expansion (Abbasipour et al., 2019). It has been shown that the 

addition of ceramic nanocomposites to metallic matrices can 

reduce the average size of precipitates and grains of a metallic 

matrix (Kandpal et al., 2017; Liu et al., 2020); nevertheless, the 

addition of a higher content of nanoparticles will require a 

greater time and speed of agitation to ensure their 

homogenization within the part and thus obtain the refining 

effect that favors the mechanical properties of the alloy.   

Table 1 shows the data from the mechanical tests obtained 

in this work. The microhardness values reflect a considerable 

increase higher when adding Al2O3-np. The addition of Al2O3-

np generates an increase in the Hardness of all the reinforced 

samples. The maximum Hardness values were obtained for 

the parts with addition 0.75wt.% / 350RPM / 5min (33.7 % 

increase) and 1.5wt. % Al2O3-np at 600RPM / 10min (32.8 % 

increase) while the lowest Hardness value was obtained in the 

reinforced parts with 1.5wt.% Al2O3-np at 350RPM / 5min 

(15.5 % increase). The variation of the hardness is directly 

related with the obstruction of the movement of dislocations,  

 

 

 

 

 

 

 

allowing to strengthen the Orowan mechanism (Casati et al., 

2015) and the grain size (Akbari et al., 2013; Mazahery & 

Ostadshabani, 2011; Sajjadi et al., 2011). In this case the 

reduction in hardness in Specimens with 1.5wt.%Al2O3-np is 

mainly associated with an increase in grain size as reported by 

Abbasipour et al. (2019). 

The tensile stress curves are presented in Figure 4(a). For 

Specimens containing 1.5wt.%Al2O3-np, slightly higher values 

of UTS and YS were observed in relation to Specimens AA6063 

without Al2O3-np. The stir speed and time do not present a 

relevant influence on the tensile properties in the Specimens 

produced with 1.5wt.%Al2O3-np, obtaining average values of 

UTS = 118.24 ± 11 MPa and YS = 81.15 ± 2 MPa, both closed to 

AA6063 specimens without Al2O3-np. On the other hand, the 

Specimens produced with 0.75wt.%Al2O3-np show a decrease 

in tensile properties by increasing the speed of stirring, 

reaching a reduction of up to 50.1 % in UTS and 44.3 % in YS in 

AA6063 specimens reinforced with 0.75 wt.% Al2O3-np, using a 

speed stirring of 600RPM during 10min.  

In Figure 4(b) the fracture mechanism for parts reinforced 

with 0.75wt.%Al2O3-np built with a speed stirring of 600 RPM 

during 10 min is observed. It is possible to see the presence of 

Al2O3-np agglomerates, accompanied by other imperfections 

in the structure of the material can cause an early cracking of 

the part, favoring the formation and propagation of 

microcracks in the sample in the form of a partially brittle 

fracture (Dareini et al., 2020). The EDS images (Figure 4(c – f)) 

show that the fracture zone has a high content of Al2O3-np and 

regions with a high content of oxygen and magnesium, mainly 

in the form of agglomerates, which favored the formation and 

propagation of cracks (Zaiemyekeh et al., 2019). the presence 

of oxide agglomerations favors the formation of areas 

conducive to the production and propagation of cracks that 

allow the part to fracture. 

The values obtained within the tribology tests show that the 

addition of Al2O3-np to the AA6063 matrix, the increase in 

stirring speed, and time have a positive effect on the 

tribological properties of the material. Insufficient stirring 

speed and time can cause agglomerations of the particles in 

AA6063 specimens reinforced with 1.5wt.%Al2O3-np, 

generating a higher rate of wear. The presence of 

agglomerations generates adhesion and delamination effects, 

facilitating a greater degree of wear in this type of parts, 

produced by liquid metallurgy (Abbasipour et al., 2019).  
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Figure 1. Analysis of the composition and size of alumina particles. In a) XRD pattern,  

b) particle size distribution and c-e) TEM images of the alumina nanoparticles used in this work. 

 

 

 
 

Figure 2. Optical microscope images of AA6063 reinforced with Al2O3-np. In a) without reinforcement,  

b) 0.75 wt.%Al2O3-np at 350 RPM/5min, c) 0.75 wt.% Al2O3-np at 600 RPM/5min,  

d) 1.5 wt.% Al2O3-np / 350RPM/5min, e) 1.5 wt.% Al2O3-np at 600RPM/5min,  

f) 0.75wt. %Al2O3-np at 350RPM/10min, g) 0.75 wt.% Al2O3-np at 600RPM/10min,  

h) 1.5 wt.% Al2O3-np at 350RPM/10min and e) 1.5 wt.% Al2O3-np at 600RPM/10min. 
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Figure 3. Grain size obtained ASTM E-112 for AA6063 specimens reinforced with Al2O3-np and AA6063 unreinforced. 

 
 

 
 

Figure 4. Tensile curves and fractography test developed for AA6063 specimens reinforced with Al2O3 nanoparticles. In a) stress vs 

deformation curves, b) micrograph of brittle fracture of one of the worked specimens and c-f) EDS performed on a fractured area. 
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4. Conclusions  
 

The stir casting technique was successfully adopted in the 

preparation of metallic composites, containing 0.75wt.% and 

1.5wt.% of Al2O3 powder reinforcement. This technique is 

influenced by the speed and stirring time of the nanoparticles 

within the liquid metal. The Specimens produced with a higher rate 

of speed and stirring time showed a decrease in grain size when 

adding 1.5wt.%Al2O3-np, and an increase in grain size for specimens 

manufactured with 0.75wt.%Al2O3-np. This factor directly affects 

the hardness of the material, which decreases with an increasing of 

the grain size. 

The values of UTS, YS, and ductility of the AA6063 specimens are 

affected by adding Al2O3-np due to the presence of agglomerations 

of the nanoparticles, which favored the formation and propagation 

of cracks that allowed a brittle fracture mechanism. Nevertheless, 

tribology tests showed a significant improvement in wear 

resistance, obtaining the best results in specimens produced with 

0.75 wt.% Al2O3-np. Likewise, an increase in the speed and stirring 

time allows a reduction of up to 33% of the friction coefficient of the 

material, compared to the AA6063 Specimens without 

reinforcement. This allowed an improvement in the wear 

resistance of the material.  

The results obtained in this study allow to demonstrate that the 

addition of low Al2O3-np contents favors a microstructural variation 

and on the mechanical properties of reinforced aluminum parts 

using the technique of molten metal stirring processes. The 

addition of 0.75 wt.% Al2O3-np with low revolutions and stirring 

times allows an optimal refinement of the grain size, favoring the 

mechanical properties of the piece. The increase in stirring speed 

and time reduces the refining effect of Al2O3-np. In contrast, an 

increase in the Al2O3-np content will require a greater speed and 

stirring time to homogeneously distribute the Al2O3-np in the alloy. 

 

 

Conflict of interest 

 
The author(s) does/do not have any type of conflict of interest 

to declare. 

 
Acknowledgments 

 
The support given by the National Institute of Metrology Quality 

and Technology (INMETRO -Brazil), the Materials Metrology 

Division (DIMAT- Brazil), and the Universidad Pedagógica y 

Tecnológica de Colombia (UPTC - Colombia), by providing 

material and equipment necessary for the research is greatly 

appreciated. 

 
Financing 

 
The authors did not receive any sponsorship to carry out the 

research reported in the present manuscript. 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Values of the mechanical properties. 

 

Al2O3 np         [wt.%] Stir. [RPM] Time    [min] Hardness [HV] UTS [MPa] YS [MPa] Ductility [%] F.C.*     [a.u.] 

0.75 

350 
5    55.1 117.09 ±16.66 76.67 ±6.4 4.15 ±0.32 0.2772 

10    53.8 97.00 ±12.08 67.56 ±6.9 3.5 ±1.2 0.3239 

600 
5    51.4 75.07 ±15.13 50.47 ±8.2 2.28 ±0.13 0.3242 

10    56.4 64.91 ±5.33 44.24 ±3.38 2.43 ±0.2 0.3493 

1.5 

350 
5    47.6 113.15 ±3.65 87.23 ±2.74 3.4 ±0.1 0.3903 

10    53.3 125.98 ±3.22 85.77 ±1.06 3.76 ±0.55 0.3466 

600 
5    53.4 114.51 ±3.91 72.23 ±2.19 3.77 ±0.37 0.3336 

10    54.7 119.31 ±7.87 79.38 ±3.04 3.56 ±0.16 0.3218 

            AA6063     41.2 130.02 ±2.59 79.49 ±2.12 4.55 ±0.42 0.4154 
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