
BY NC

© 2024. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCom-
mercial License (CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/deed.en which permits the use, redistribution of 
the material in any medium or format, transforming and building upon the material, provided that the article is properly cited, the 
use is noncommercial, and no modifications or adaptations are made.

Arch. Metall. Mater. 69 (2024), 3, 1251-1260

DOI: https://doi.org/10.24425/amm.2024.150949

S. Rangrej 1*, S. Pandya 1, J. Menghani 1

Investigation on the Microstructure, Microhardness and Tensile Strength  
of Stir-Casted A713-TiB2 Composites

A parametric experimental investigation has been conducted to investigate effects of stir casting process parameters on recently 
developed A713-TiB2 composites. The manufacturing process involved varying the stirring time (5, 10, and 15 minutes) and speed 
of stirring (500, 600 & 700 rpm). The microstructure and mechanical properties of the manufactured composites were evaluated 
by analyzing the effects of the varying stirring speeds and times. The analysis techniques used include optical microscopy (OM), 
scanning electron microscopy (SEM), micro-hardness and tensile testing. Grain size analysis of the as-cast MMCs revealed that 
coarser grain structure was observed at lower stirring time and lower speed. Finer grain structure was achieved by increasing stir-
ring time and speed. Microhardness and tensile strength was observed to be affected by both stirring speed and stirring time, as 
demonstrated by the test results. The uniform dispersion was attained when stirring was done at 600 rpm for 10 minutes. Further 
increase in stirring speed and stirring time leads to the reduction in microhardness and tensile strength. In the present study, the 
relationship between the microstructure and mechanical properties of the A713-TiB2 composite and the processing parameters such 
as stirring speed and stirring time have been investigated.
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1. Introduction

Aluminum matrix composites (AMCs) – aluminum alloys 
reinforced with a variety of particulates – have been the focus 
of extensive research over the past two decades due to their 
exceptional characteristics [1]. In many contexts, conventional 
monolithic aluminium alloys are unable to satisfy the ever-
increasing demand for products with high levels of performance. 
AMCs could replace aluminium alloys because they are stiffer, 
more resistant to wear, stronger, and have a low coefficient of 
thermal expansion [2]. As a whole, the use of AMCs is on the rise 
in several sectors, including the aviation, automotive, marine, and 
nuclear industries [3,4]. In AMCs, aluminium alloys reinforced 
with different reinforcement particles have been developed by 
various manufacturing routes. These particles include fly ash 
[5], TiB2 [6], SiC [7], Al2O3 [8], AlN [9], B4C [10], SiO2 [11], 
Si3N4 [12], TiC [13], and ZrB2 [14]. Among them, TiB2 particles 
have widespread popularity owing to its excellent stiffness [15], 
hardness [16], and wear resistance properties [17]. In addition 
to that TiB2 is thermodynamically stable in aluminum and does 
not react with aluminum matrix, and also facilitates the refining 
of grains by acting as a nucleating agent [18].

The synthesis of AMC materials can be accomplished 
through a variety of methods, including liquid metal infiltration, 
squeeze casting [19], mixing techniques like compocasting and 
stir casting [20], powder metallurgy [21], and spray co-deposi-
tion [22]. Among all commercially-used fabrication methods, stir 
casting offers the greatest cost savings for synthesizing AMCs be-
cause of its simplicity, adaptability to conventional shape casting 
foundry processes, and suitability for high-volume production. 
Furthermore, the AMC billets made in this way are amenable to 
further shaping by extrusion, rolling, etc. [23]. Various challenges 
with the stir casting method include micro-porosity, uneven 
distribution of particles, chemical reactions at the interface, and 
the disintegration of particular ceramic particles [24]. Therefore, 
it is crucial to select the best combination of process parameters 
in order to attain good combination of properties of AMCs. Even 
though there is a large number of research publication available 
on AMC production, very few studies have been examined the 
effects of varying process parameters [25-34].

Arunachalam et al. [25] found that increasing stirring speed 
improves particle distribution homogeneity in Al-Si7Mg/Alu-
mina AMCs. As reported by Prabu et al. [26], there is observed 
poor particle dispersion and clustering in A384/SiC AMCs 
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when the stirring speed was reduced along with the stirring 
time. Hasim et al. [27] found that wettability between A359 
matrix and SiC particles improved with increasing the stirring 
speed. Sasaki et al. [28] examined a graphical model of glycerin, 
which exhibits certain characteristics with AZ91D magnesium 
alloy, and concluded that the gas entrapment is influenced by 
the blade’s distance from the liquid’s surface, rotating speed of 
the stirrer blade, and the duration for which the blade is stirred. 
Krishnan et al. [29] observed that it was difficult to achieve 
a uniform dispersion of the reinforcing particles into the matrix. 
It was concluded that the uniform dispersion of reinforcement 
into the matrix can be achieved through the careful selection 
of the blade parameters. Sozhamannan et al. [30] examined the 
microstructure, physical properties and mechanical properties of 
fabricated AMC to determine the effect of process parameters. 
It was observed that particle dispersion and viscosity of molten 
aluminium affected by holding time. The hardness of fabri-
cated composites varied linearly with processing temperature. 
Using a SiC reinforced aluminium matrix composite, Zhang 
et al. [31] investigated effects of the stirring time, stirring speed 
and processing temperature on microstructural characterization 
and particle dispersion. Li-na et al. [32] fabricated hybrid alu-
minium composites reinforced with SiCp and ABOw particles and 
reported that microstructure and mechanical properties AMCs 
were found to be more uniform at higher stirring time and lower 
stirring temperature. The porosity content of A356/Al2O3 AMCs 
was found to increase with stirring time, as reported by Akbari et 
al. [33]. According to Khosravi et al. [34], the porosity content 
of A356/ SiC AMCs rises in conjunction with the stirring speed 
and casting temperature. 

Al-Zn (A713) Cast alloy is low weight alloy used for a wide 
range of applications in the automotive and aerospace industries. 
A713 alloy castings have higher strength. It also exhibits excel-
lent tribological and damping properties. However, there are 
limited number of publications about structure and properties of 
A713 matrix based composites [6]. The primary objective of this 
study was to analyse the relationship between stirring speed and 
time in facilitating the uniform distribution of TiB2 reinforcement 
throughout the A713 alloy matrix. In the open literature, the in-
fluence of time duration during stirring and speed of stirring for 
this kind of composite system has not been explored. Therefore, 
the purpose of this study is to examine the effect of stirring speed 
and stirring duration on the microstructure, microhardness, and 
tensile strength of TiB2 reinforced A713 composites.

2. Methods and Materials 

In this research, the cast alloy of Al-Zn (A713 alloy) is uti-
lised as matrix material because of its superior castability and 
automotive applications. The chemical composition of matrix 
A713 alloy is listed in TABLE 1. Stir casting process was used 
in the preparation of the composites. The stir casting setup 

is shown in the Fig. 1. A713 matrix alloy first heated above its 
liquidus temperature in a stir casting furnace. The molten metal 
is stirred between speeds of 500-700 rpm with an impeller made 
of stainless steel. The plan of experiments of the study is shown 
in TABLE 2. The blades of the impeller were built with a view 
to generate a vortex in order to accomplish the mixing of the 
particles. The stirrer blade were coated with graphite to decrease 
chances of dissolution of blades in the molten metal. The matrix 
alloy was melted, and then the stirrer was lowered into the molten 
metal to disperse reinforcement particles. The speed of the stir-
rer was kept in the range of 500-700 rpm. In this investigation, 
Particles of TiB2 with a size range of 10-20 microns were em-
ployed. The determined amount (2 wt.%) of TiB2 was heated in 
muffle furnace at 550°C for 1 hour. After that heated particles are 
being added into molten matrix at a consistent rate. The stirring 
time was recorded up to three levels 5, 10, and 15 minutes after 
the addition of TiB2. The high carbon steel die is used for the 
casting, which had been preheated to around 300°C. After the 
proper dispersion, molten metal is poured into the hot die using 
a bottom pouring attachment. Fig. 2 shows the stir-cast castings 
of (A713-2%TiB2) MMCs.

Fig. 1. Stir casting setup

Fig. 2. Fabricated A713-2% TiB2 MMCs
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TABLE 1
Composition of aluminium (A713) alloy (wt.%)

Zn 7.76
Mn 0.401
Cu 0.495
Si 0.438
Fe 0.685
Mg 0.499
Al Balance

TABLE 2
Plan of experiments

Sr. No. Sample ID Stirring speed (rpm) Stirring time (minutes)
1 500-5 500 5
2 500-10 500 10
3 500-15 500 15
4 600-5 600 5
5 600-10 600 10
6 600-15 600 15
7 700-5 700 5
8 700-10 700 10
9 700-15 700 15

3. Results and discussions

3.1. Microstructural characterization

The homogeneous dispersion of reinforcement particles into 
matrix material is necessary to enhance the mechanical proper-
ties of stir-cast composites. To achieve particle uniformity in the 
matrix, it is required to investigate and optimised the stir casting 
process parameters. Therefore, it is required to evaluate the effect 
of speed of stirring and stirring time on microstructure of com-
posites to investigate dispersion of reinforced particles in MMCs.

Grain size analysis was carried out using the BIOVIS Mate-
rial plus software in accordance with ASTM E112. It is seen from 
the grain size analysis that coarser grains with an average grain 
size of 29.2 microns are observed in optical micrograph (Fig. 3) 
of A713 matrix alloy. This is due to dominant homogeneous nu-
cleation and higher degree of supercooling. Super cooled liquid 
metal during solidification results into formation of platelets 
until effect of supercooling is set off. Thus, platelets are formed 

within solidified metal. Formation of platelets further promotes 
coarse grain structure. Optical micrographs (Fig. 3) show that 
the needle type of platelets causes the development of shrinkage 
depressions because the liquid metal can’t flow into the gaps 
between the branching platelets due to the larger main dendrite 
arm length. Liquid metal flow is blocked between two nearby 
primary platelet arms due to narrow gap. This leads to formation 
of micro-shrinkage cavities when the entrapped liquid within the 
gap between two platelet arms solidifies due to lack of supply of 
liquid metal to compensate solidification shrinkage [35]. 

Fig. 3. Microstructure of as cast A713 matrix-alloy

The optical micrographs of (A713+2% TiB2) MMCs 
fabricated at different levels of stirring speeds and different 
levels of stirring time are shown in Figs. 4-6. It is seen that the 
incorporation of TiB2 particles into A713 alloy has resulted in 
the transformation of the coarse grains of matrix material into 
finer and better equiaxed grains. This is due to addition of TiB2 
particles. Addition of TiB2 particles promotes heterogeneous 
nucleation (Fig. 4-6). Due to heterogeneous nucleation grain 
size in solidified metal decreases. The extent of formation of 
platelets also decreases restricting formation of coarser grains 
which may be attributed to presence of TiB2 particles. Fig. 4-6 
shows addition of TiB2 reinforcements and subsequent formation 
of porosity and inferior dendrites. The inadequate formation of 
Zn phase may be the cause of the inferior dendrites [36]. Rajan 
et al. [37] have also found similar results. 

Fig. 4. Influence of stirring time on microstructure of (A713+2% TiB2) composite cast at stirring speed of 500 rpm: (a) 5 min (b) 10 min (c) 15 min
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Fig. 7 and Fig. 8 shows the how the stirring speed and 
stirring time affected the average grain size of the composites. 
It is observed that the finest grain size was observed within 
the composite fabricated at 600 rpm stirring speed and 10 min 
stirring time.

3.2. XRD analysis

Fig. 9 depicts the X-ray diffraction (XRD) patterns of stir-
cast matrix A713 alloy and A713-TiB2 composite. A 2θ range  

of 10-80 degrees is used to measure diffraction intensity peaks. 
The XRD analysis demonstrates the existence of peaks corre-
sponding to aluminium and TiB2. It shows that there are no any 
peaks found due to interfacial reaction compounds. This is due 
to the exceptional stability of TiB2 particles into molten matrix 
and also it does not produce reactive elements at the interface 
[38]. Thus, the addition of reinforcement particles does not 
affects the existing phases and the performance of the com- 
posite [39].

Fig. 5. Influence of stirring time on microstructure of (A713+2% TiB2) composite cast at stirring speed of 600 rpm: (a) 5 min (b) 10 min (c) 15 min

Fig. 6. Influence of stirring time on microstructure (A713+2% TiB2) composite cast at stirring speed of 700 rpm: (a) 5 min (b) 10 min (c) 15 min

Fig. 7. Influence of stirring speed on average grain size of cast A713-
TiB2 MMCs

Fig. 8. Influence of stirring time on average grain size of cast A713-
TiB2 MMCs
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Fig. 9. XRD pattern of fabricated Al-TiB2 composite cast at stirring 
speed of 600 rpm and 10 min stirring time

3.3. Micro-hardness 

Average microhardness values of Al/TiB2 composites at dif-
ferent levels of parameters are shown in Fig 10. Microhardness 
testing was performed in accordance with ASTM E-18 standards. 
When TiB2 is added into the alloy matrix, the hardness signifi-
cantly improves. Increased hardness shows that incorporating 
TiB2 particles into the aluminium matrix has resulted in improved 
composite hardness. This is because aluminium matrix is a soft 
and flexible metallic material, and the reinforced particle, notably 
ceramics material, is a hard material. The combination of these 
two in one leads to a second phase strengthening mechanism of 
the particle reinforcement type. Due to particle reinforcement 
the hardness of the composites is observed higher than cast alloy 
A713. Adding harder and rigid TiB2 reinforcement makes the 
matrix more resistant to plastic deformation during a hardness test 
[40]. Therefore, the comparatively high hardness of TiB2 itself 
might be responsible for the rise in overall hardness of the com-
posite. In addition there is also role of grain size reduction. Noted 
data of microhardness can be correlated with measured grain size. 
It is clear that microhardness increases as grain size decreases. 

Fig. 10. Average micro-hardness of cast composites

It has been observed from the Fig. 11 that the cast composite 
made at 500 rpm & 5 min stirring time has hardness value of 
111 HV. At 600 rpm, the hardness value reaches its maximum 
of 113 HV; however, when the speed of the stirring is increased 
to 700 rpm, the hardness value falls to 110 HV. Therefore, it is 
clear that raising the speed of the stirrer over 600 rpm does not 
result in a noticeable increase in the hardness of cast composites.

Fig. 11. Influence of stirring speed on average microhardness of cast 
A713-TiB2 MMCs

The effect of stirring time is plotted in Fig. 12. The results 
revealed that at shorter stirring time (5 min) and lower stirring 
speed (500 rpm), hardness value observed is 111 HV. The hard-
ness value of composite fabricated at 10 min stirring and 500 rpm, 
is 114 HV. The increasing stirring time to 15 min at the same 
stirring speed reduces the hardness value (108 HV).

Fig. 12. Influence of stirring time on average microhardness of cast 
A713-TiB2 MMCs

It can be concluded from Fig. 10-12 that stirring speed of 
600 rpm and stirring time of 10 min yield composites having 
higher hardness. This is due to uniform distribution of TiB2 
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particles in the aluminium matrix. Kennedy et al. [41] have been 
found a similar trend and reported that increasing both the speed 
of stirring and stirring time results in a decrease in the hardness 
of the composites due to the gases formation, porosity formation 
and any oxide skins. 

3.4. Tensile testing

Tensile tests were carried out to investigate the influence 
of stirring speed and stirring time. The tensile strength of nine 
cast plates was evaluated. Tensile tests were carried out using 
a universal testing machine (Model No.: TFUC-200) as per 
ASTM E8 standard. Test specimens of nine castings after testing 
are shown in Fig. 13. As evident from tensile strength results, the 
highest strength obtained in case of 600 rpm stirring speed and 

10 minutes stirring time. It is observed from Fig. 14, the tensile 
strength improves in conjunction with the speed of stirring and 
stirring time up to certain limit. 

Fig. 15 depicts the influence of stirring speed on the ten-
sile strength of composites. At a stirring speed of 600 rpm, the 
tensile strength reaches its maximum. Increasing the speed of 
stirring to 700 rpm decreases tensile strength. A vortex is formed 
in the aluminium melt, and the supplied particles are dispersed 
throughout the melt by centrifugal currents created while the 
stirrer rotates. Creating a vortex is necessary for incorporating 
the reinforcing particles. However, the extent to which particles 
are mixed and distributed throughout the melt is constrained 

Fig. 13. Tensile test specimens of stir-cast A713-TiB2 composites after testing

Fig. 14. Tensile strength of cast composites
Fig. 15. Influence of stirring speed on tensile strength of stir-cast 
A713-TiB2 MMCs
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by the size of the vortex created. The stirring should produce 
circulating currents of sufficient force to maintain the suspension 
of the particles for a considerable amount of time. The intensity 
of the circulating current as well as the vortex diameter are both 
linearly controlled by the amount of time the mixture is stirred. 
A strong stirring speed and a deep vortex create an entrapment 
of the air bubbles due to suction and turbulence. This is an 
unfavourable circumstance that may result in gas to get suck. 
The impact of stirring speed on tensile behaviour can be better 
understood using microscopic imaging [42].

The SEM micrographs (Fig. 16) show that the formation of 
porosity and the dispersion of TiB2 particles are affected by the 
stirring speed. At 500 rpm, the distribution is poor and heteroge-
neous (Fig. 16(a)). Particle-free zones are also identified in some 
places. At 600 rpm, a more even dispersion of TiB2 particles are 
observed in the micrograph (Fig. 16(b)). Increasing the speed of 
stirring causes a greater centrifugal current inside the aluminium 
melt, which breaks up any clusters of TiB2 and disperses the 
particles evenly throughout the melt. The resulting vortex is the 
optimal shape for achieving uniform dispersion. At 700 rpm, 
the micrograph (Fig. 16(c)) reveals that the dispersion of TiB2 
particles in the aluminium matrix is even more uniform. When 
the stirring speed is raised from 500 to 700 rpm, there are spots 

of porosity visible throughout the micrograph. At 700 rpm, the 
vortex created by the stirring is strong enough to draw air from 
the atmosphere into the aluminium melt because of the greater 
pressure differential. The vortex almost approaches top surface 
of the stirrer blade. This conclusion is consistent with the study 
done by Ravi et al. [43]. The gas porosities are not noticed at 
500 and 600 rpm for a steady 10 minutes of stirring. When 
solidifying, the increased volume of gas absorbed at 700 rpm 
does not totally released. Due of the trapped gases, the AMC 
casting has gas porosity.

A plot of tensile strength against stirring time for cast 
Al-TiB2 composites is shown in Fig. 17. As stirring time 
is increased, the tensile strength rises, with a peak occurring 
at 10 minutes. The tensile strength decreases as the stirring 
time increases further. The stirrer’s motion generates a vortex, 
which sucks the particles into the aluminium molten pool. This 
is because the supplied particles will not instantly spread over 
the whole aluminium molten pool. According to Prabu, et al. 
[44], the dispersion is a function of time. In order to evenly dis-
tribute the particles throughout the aluminium melt, they must 
be exposed to continual centrifugal currents for a set amount of 
time. On the other hand, the vortex tends to draw air into the 
molten slurry. The stirring time affects the volume of air that 

Fig. 16. SEM micrograph of A713-TiB2 composites fabricated at (a) 500 rpm; (b) 600 rpm; (c) 700 rpm

Fig. 17. Influence of stirring time on tensile strength of cast Al-TiB2 
MMCs

is drawn inside the molten slurry. Longer stirring times cause air 
entrapment and casting porosity. Micrographs (Fig. 18(a)-(c)) 
show the influence of stirring time on the casting of A713-TiB2 
composites.

The SEM micrographs of A713-TiB2 composite at different 
stirring times are shown in Fig. 18(a-c). The micrographs exhibit 
variation indicating of the influence of stirring time. At 5 min-
utes of stirring, several clusters can be seen in the microscope 
(Fig. 18(a)). In addition to this, particle-free zones may be seen. 
The heterogeneous structure is identified from the micrograph. 
The TiB2 particles cannot be evenly distributed in the aluminium 
matrix with a stirring time of only 5 minutes. The TiB2 particles 
in the aluminium melt tend to stick together, forming clusters. 
At a stirring time of 10 minutes, the micrograph (Fig. 18(b)) reveals 
that the TiB2 particles are homogeneously dispersed throughout 
the aluminium matrix. Particles are dispersed more evenly as stir-
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ring time increases. The clusters of molten aluminium break apart 
due to centrifugal currents as stirring times increase. The particles 
that were clustered together are pushed out of the clusters and 
into particle-free regions. In this way, the dispersion gets better 
as the stirring continues. At 15 minutes of stirring (Fig. 18(c)), 
the SEM micrograph shows that the more uniform distribution 
of TiB2 particles is observed at the expense of porosity. Increas-
ing the time duration for stirring from 5 minutes to 15 minutes 
helps the TiB2 reinforcement to disperse more evenly. Several 
factors, including gas entrapment during stirring, solidification 
shrinkage, water vapour on the surface of the ceramic particles, 
air bubbles entering the composite melt, and hydrogen evolu-
tion contribute to the production of porosity in the cast MMCs. 
A longer period of stirring results in a greater amount of agitation 
inside the molten composite, which enhances the tendency to 
generate a greater amount of porosity [45]. Therefore, a longer 
stirring time will not produce the homogeneous dispersion in the 
microstructure. The observations demonstrate that there exists an 
optimum stirring time for achieving a homogeneous dispersion 
with minimal porosity. When stirring is extended beyond the 
optimum range, the molten aluminium will have a larger ability 
to absorb gas. Consequently, porosity formation becomes inevi-
table. Different porosities occur as a result of gas bubbles form-
ing and growing preferentially during the solidification process.

4. Conclusions

The microscopic examination, XRD analysis, microhard-
ness measurements and tensile testing of composites fabricated 
at different stirring speeds (500, 600 and 700 rpm) and different 
stirring time (5, 10 and 15 min) are discussed. The following 
conclusions were made from the present study: (i) As per the 
grain size analysis it is observed that the finest grain structure 
is formed in composites fabricated at 600 rpm stirring speed 
and 10 min stirring time. XRD analysis has clearly revealed the 
presence of TiB2 particles in the composites. (ii) Microhardness 
results revealed that average microhardness of AMCs fabri-
cated at 600 rpm and 10 min stirring time gives a better result 
as compared to the same of composites cast at combination of 

level of parameters. (iii) The tensile strength was found higher 
when the porosity was low (composite fabricated at stirring 
speed of 600 rpm & 10 min stirring time) and distribution was 
homogenous.
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