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Abstract

This study aims to improve the performance of A356 cast aluminum alloy by incorporating titanium dioxide (TiO2) powder and 

applying variations in stirring speed during processing. The effects of these modifications were evaluated based on microstructural 

characteristics, tensile strength, and impact strength. The methodology includes a casting process with TiO2 concentrations of 0%, 

5%, 10%, and 15% by weight, along with variations in stirring speed (300, 400, 500 and 600 RPM) to ensure homogeneous powder 

distribution within the aluminum matrix. The mechanical properties of the A356  +  TiO2 composite, including tensile strength, 

elastic modulus, strain, and impact energy, were evaluated. Furthermore, the material's microstructure was examined using 

optical microscopy. The results indicate that the addition of TiO2 contributes to an increased titanium content in the alloy, leading 

to microstructural changes characterized by the formation of finer dendrites. Furthermore, the combination of TiO2 addition and 

increased stirring speed significantly enhances the material's tensile and impact strength. With the addition of TiO2 by 15%, there is an 

increase in tensile strength of 14.2% and impact strength of 21%. Likewise, with an increase in rotation up to 600 RPM, tensile strength 

increases by 14.9% and impact strength increases by 8.2%. These findings provide valuable insights into the development of advanced 

aluminum-based materials for industrial applications, particularly in the automotive and aerospace sectors.

Keywords

aluminum A356, TiO2, strength, microstructure, stirring

1 Introduction
The A356 aluminum alloy has become one of the promi-
nent materials in the automotive, aerospace, and electrical 
industries due to its combination of good mechanical prop-
erties, lightweight, and corrosion resistance [1, 2]. In these 
various applications, the enhancement of mechanical prop-
erties, such as tensile strength, has become an urgent need 
to support the performance of components in increasingly 
complex operational conditions. One way to improve the 
mechanical properties of this material is by utilizing com-
posite material technology, which involves adding rein-
forcement particles into the aluminum matrix [3, 4].

Cast aluminum alloys can be reinforced with vari-
ous types of particles to improve their mechanical prop-
erties  [5–7]. Silicon carbide (SiC) and aluminum oxide 
(Al2O3) are commonly used ceramic particles due to their 

high hardness and good thermal stability [8–10]. Carbon 
nanotubes (CNTs) and graphene from the carbon group 
offer advantages in tensile strength and thermal conduc-
tivity [11, 12]. Boride particles such as titanium diboride 
(TiB2) and zirconium diboride (ZrB2) are known for their 
high- temperature resistance and hardness [13, 14]. Fly ash 
is used as an economical, environmentally friendly rein-
forcement [15], while magnesium oxide (MgO) is suitable 
for applications in corrosive environments [16]. The com-
bination of these particles with aluminum creates a tough, 
lightweight, and wear-resistant composite material for 
various technical applications [17, 18].

To improve the quality of cast aluminum, various 
methods, parameters, and processing treatments are 
employed [19, 20]. Stir casting is the most common method, 
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where reinforcing particles are mixed into molten alumi-
num using mechanical stirring [21–23]. Important param-
eters such as pouring temperature, stirring speed, and par-
ticle distribution must be controlled to ensure composite 
homogeneity. Heat treatments such as annealing or solu-
tion treatment are often performed to optimize the micro-
structure and improve the material's strength  [24,  25]. 
Additionally, techniques like spray deposition can be used 
to produce composites with strong bonds between the alu-
minum matrix and reinforcing particles  [26–28]. All of 
these steps aim to produce cast aluminum that is stronger, 
more wear-resistant, and possesses superior mechanical 
properties. Titanium dioxide (TiO2) powder is one of the 
reinforcement materials with great potential to improve 
the mechanical properties of aluminum alloys [29]. With 
good strength and thermal stability characteristics, TiO2 
can significantly strengthen the aluminum matrix  [30]. 
Moreover, the addition of this reinforcing powder can 
also affect the alloy's microstructure, such as phase dis-
tribution and grain size, which ultimately determines the 
mechanical properties of the material [31, 32].

The success of adding TiO2 as a reinforcement in AA356 
alloy depends not only on the concentration of the powder 
used but also on the process parameters during its produc-
tion. One important parameter is the stirring speed during 
the mixing process. The right stirring speed can ensure 
homogeneous distribution of TiO2 powder within the 
matrix, resulting in uniform microstructure and optimal 
mechanical properties [33]. On the other hand, improper 
stirring can lead to segregation, porosity, or other defects 
that reduce the material's performance [21, 34].

The relationship between variations in TiO2 powder con-
centration and stirring speed on the mechanical properties 
and microstructure of AA356 is a relevant topic for further 
research. A deep understanding of these parameters' effects 
could provide new insights into the development of supe-
rior aluminum-based materials. Therefore, this research is 
expected to contribute significantly to improving the qual-
ity of aluminum alloy products for industrial applications. 
This study aims to improve the performance of A356 cast 
aluminum alloy by adding titanium dioxide (TiO2) powder 
and varying the stirring speed on the microstructure, ten-
sile strength and impact strength.

2 Materials and methods
2.1 Preparation
The main material used in this study is AA356 cast alumi-
num alloy, which was obtained in the form of ingots, along 

with TiO2 powder as the reinforcing material, as shown in 
Tables 1 and 2. The TiO2 powder used is ROFA brand, with 
a purity of 99% and a crystal size of 15.554 nm. TiO2 pow-
der was added in varying concentrations of 0%, 5%, 10%, 
and 15% by weight to observe its effect on the mechanical 
properties and microstructure of the material.

2.2 Mixing and casting process
The process begins with the melting of AA356 aluminum 
alloy using a melting furnace at a temperature of approx-
imately 700 °C until the aluminum reaches a fully molten 
state. Afterward, TiO2 powder is added to the molten alu-
minum using the mechanical stirring method. The stirring 
speeds applied were 400 RPM, 500 RPM, and 600 RPM, 
maintained for a specific duration to ensure optimal mix-
ing. Once the mixing process is complete, the molten alu-
minum is poured into a metal mold and allowed to solidify 
naturally. A depiction of the casting material preparation 
process can be seen in Fig. 1.

2.3 Material characterization
Tensile test specimens were prepared according to the 
ASTM E8/E8M-24 standard [35] for tensile strength test-
ing. The dimensions of the tensile test specimens are 
shown in Fig. 2. The testing was carried out using a uni-
versal testing machine (UTM) to measure the maximum 
tensile strength of each sample variation. Fig. 3 illustrates 
the specimen for impact testing based on ASTM E23-25 
standard  [36]. A total of 24  specimens were utilized for 
each of the tensile and impact tests, with three replicates 
conducted for each experimental condition. Additionally, 
microstructure analysis was performed using an optical 
microscope (OM) to observe the distribution, grain size, 
and the presence of other phases formed due to the addi-
tion of reinforcement.

The tensile strength test results were analyzed to deter-
mine the effect of varying TiO2 concentrations and stir-
ring speeds on the improvement of the material's tensile 
strength. The microstructure was analyzed to evaluate the 

Table 2 Composition of titanium dioxide (TiO2)

Element TiO2

Brand ROFA

% ≥98

Table 1 Composition of A356 aluminum

Al Si Mg Cu Mn Fe Ti Zn

91.87 6.53 0.37 0.12 0.12 0.34 0.10 0.35
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uniformity of TiO2 particle distribution and its impact on 
the material properties. Statistical analysis was performed 
to identify the relationship between the process parame-
ters and the test results using data analysis.

3 Results and discussion
3.1 Composition of A356 + TiO2

The proportion of elements present in a material can 
influence its physical and mechanical properties, such as 
strength, hardness, ductility, and toughness. Table 3 pres-
ents the results of the chemical composition test for alumi-
num A356 in its raw material condition and with varying 
additions of titanium dioxide.

Based on the data in Table  3, there is a difference in 
the chemical composition test results before and after the 
melting process of aluminum A356. The mixing of alumi-
num A356 before and after melting causes changes in the 
composition of each chemical element in the metal. This 
change in composition can occur when titanium dioxide 
is added during the casting process. This is due to the fact 
that the melting process involves the liquefaction, diffu-
sion, and mixing of different metals.

3.2 Microstructure
Fig. 4 shows a visual representation of the microstructure of 
the raw material A356 and the alloy that has been added with 
TiO2 powder. The microstructure of A356 in its raw material 
form (Fig. 4 (a)) appears relatively brighter with a sparser 
dendritic structure. This affects the mechanical properties of 
the material, which are lower compared to the material with 
added titanium dioxide. The raw material aluminum A356 
has an average dendritic grain size of 167.69 µm2.

The microstructure of aluminum A356 with the addi-
tion of TiO2 shows significant changes in the form 

Fig. 1 Preparation process of modified casting material A356 plus TiO2

Fig. 2 Tensile test specimen (unit in mm)

Fig. 3 Impact test specimen
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and distribution of dendrites. In the 5% TiO2 variation 
(Fig. 4 (b)), the dendritic structure appears more compact 
with longer arms, which is caused by the accelerated solid-
ification due to the presence of TiO2. The average dendrite 
size in this variation reaches 193.02 µm2.

In the 10% TiO2 variation (Fig. 4 (c)), the dendritic struc-
ture undergoes further changes, with longer and wider arms 
compared to the previous variation, resulting in an increase in 
the average dendrite size to 206.1 µm2. This change contrib-
utes to the improvement in tensile strength and hardness of 
the material due to the formation of more precipitates, which 
act as additional nucleation sites for solidification [37].

In the 15% TiO2 variation (Fig.  4  (d)), the dendritic 
structure becomes even denser with a higher number of 
dendrites, caused by a higher rate of solidification com-
pared to the other variations. Chemical composition anal-
ysis shows that the higher the amount of TiO2 added, the 
greater the Ti content in the alloy, which directly affects 
the microstructure. The average dendrite size in this vari-
ation is 259.95 µm2, showing the most significant effect in 
microstructure changes. Thus, the increase in TiO2 con-
centration leads to an enhancement in the microstructure, 
contributing to the improvement of the mechanical prop-
erties of aluminum A356 [38].

Table 3 Results of A356 + TiO2 casting composition test

Elements (% weight)

Material cast Al Si Mg Zn Cu Mn Ti Ni

Raw A356 91.872 6.531 0.374 0.353 0.129 0.127 0.101 0.004

A356 + 5% TiO2 91.794 6.553 0.341 0.368 0.132 0.126 0.102 0.005

A356 + 10% TiO2 91.829 6.309 0.337 0.370 0.136 0.129 0.103 0.004

A356 + 15% TiO2 91.813 6.411 0.333 0.339 0.126 0.129 0.106 0.005

Fig. 4 Microstructure of A356 cast aluminum alloy (a) raw material, (b) +5% TiO2, (c) +10% TiO2 and (d) +15% TiO2
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The effect of stirring speed on the microstructure of 
A356 aluminum alloy with the addition of 15% TiO2 shows 
significant changes in grain size and its distribution as 
seen in Fig. 5. At a stirring speed of 400 RPM (Fig. 5 (a)), 

the microstructure shows the initial formation of den-
drites with long arms. This indicates that the increased 
stirring speed begins to influence the growth of the micro-
grains, causing their size to gradually decrease. At this 
speed, the average aluminum grain size was recorded as 
3794.51 μm2, while the average size of the Al + Si grain 
boundary was 550.45 μm2.

When the stirring speed was increased to 500  RPM 
(Fig.  5  (b)), the number and density of the dendrites 
increased, indicating more controlled grain growth. As a 
result, the aluminum grain size further decreased, with 
an average of 1915.51 μm2, while the average size of the 
Al + Si grain boundary dropped to 106.48 μm2. This more 
uniform microstructure contributes to an improvement in 
the material's strength.

At a stirring speed of 600 RPM (Fig. 5 (c)), the number 
of dendrites increased and became more compact com-
pared to the previous stirring speed variations. The higher 
density and finer microstructure resulted in an increase in 
the elastic modulus, as well as the stress and strain values 
during tensile testing. At this speed, the average alumi-
num grain size reduced to 1545.42 μm2, while the average 
size of the Al + Si grain boundary significantly increased 
to 1092.17  μm2. From these results, it can be concluded 
that as the stirring speed increases, the micrograin size 
becomes smaller and the dendritic structure becomes 
denser, directly impacting the improvement of the mate-
rial's mechanical properties [39].

3.3 Tensile test
Tensile testing was conducted to determine the mechan-
ical properties, including maximum stress, strain, and 
elastic modulus (Young's modulus). Based on the graph 
showing the tensile test results for stress, strain, and elas-
tic modulus in A356 aluminum with various TiO2 addition 
variations, the tensile stress graph is presented in Fig. 6.

Fig. 5 Microstructure of aluminum A356 + 15% TiO2 with variations in 
stirring speed: (a) 400 rpm, (b) 500 rpm and (c) 600 rpm Fig. 6 Graph of tensile stress values of TiO2 material variations
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The test results indicate that A356 aluminum without 
TiO2 exhibits the lowest tensile strength (124.136  MPa), 
primarily due to the dominance of coarse grains in its 
microstructure. The addition of 5% TiO2 increases the ten-
sile strength to 133.4 MPa as a result of dendrite arm elon-
gation, grain size refinement, and enhanced grain bound-
aries, which contribute to material strengthening. With 
10% TiO2, the tensile strength slightly rises to 134.36 MPa 
due to the formation of more solidification nuclei, which 
improves mechanical properties through enhanced grain 
boundary strengthening. The addition of 15% TiO2 yields 
the highest tensile strength (143.65 MPa), attributed to the 
formation of finer grains and a denser dendritic structure, 
which increases resistance to dislocation movement and 
significantly enhances the material's strength. Therefore, 
the addition of 15% TiO2 is considered as the optimal 
choice to improve the tensile strength of A356 aluminum 
with an average tensile strength increase of 14.2%.

The graph illustrating the strain values of A356 cast alu-
minum with and without varying additions of TiO2 powder 
is shown in Fig. 7. The test results indicate that A356 alu-
minum without TiO2 exhibits the lowest strain (3.7184%) 
due to the presence of relatively large microstructural 
grains. The addition of 5% TiO2 increases the strain to 
4.1451%, attributed to finer grains and elongated dendritic 
structures, which reduce grain size and enhance grain 
boundaries. With a 10% TiO2 addition, the strain rises to 
4.4024% due to a coarser dendritic structure that increases 
the number of grain boundaries and inhibits dislocation 
movement. The highest strain (4.9082%) is achieved with 
15% TiO2, resulting from a finer microstructure, denser 
dendrites, and faster solidification, all of which enhance 
grain boundaries and more effectively hinder dislocation 
motion. Therefore, the 15% TiO2 variation provides the 
most significant improvement in strain, making it the opti-
mal choice for enhancing material deformability.

Fig. 8 presents the graph of the elastic modulus of A356 
cast aluminum with and without the addition of TiO2 pow-
der. The test results show that A356 aluminum without 
TiO2 has an elastic modulus of 5111.26 MPa, serving as 
the baseline reference for material stiffness. The addition 
of 5% TiO2 results in a 9.2% decrease in elastic modu-
lus to 4642.3  MPa, due to uneven particle distribution, 
although it contributes to improved ductility. With a 10% 
TiO2 addition, the elastic modulus significantly increases 
to 7869.06 MPa, attributed to better particle distribution, 
which enhances dispersion strengthening and material 
stiffness. The highest elastic modulus (12993.6  MPa) is 
achieved with the addition of 15% TiO2, where uniform 
particle distribution provides maximum reinforcement 
and improves resistance to plastic deformation. Therefore, 
the greater the TiO2 content, the higher the strength and 
stiffness of A356 aluminum [39].

A graph displaying the tensile strength test results of 
A356 aluminum alloy with 15% TiO2 under different stir-
ring speeds has been generated, as shown in Fig. 9. Tensile 
testing results of A356 aluminum with 15% TiO2 show 
a progressive increase in tensile strength as the stirring 
speed increases. At 400 RPM, the average tensile strength 
rises to 145.29 N/mm2 due to the formation of finer micro-
structural grains. At 500  RPM, the strength further 
increases to 146.25 N/mm2, attributed to a higher number 

Fig. 7 Graph of strain value of material variation of TiO2 addition

Fig. 8 Elasticity modulus graph of variation of TiO2 addition

Fig. 9 Graph of tensile stress values of materials variation of stirring speed
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of dendrites and a more refined microstructure. The high-
est tensile strength is observed at 600  RPM, reaching 
161.67 N/mm2, resulting from the finest grain distribution 
and more uniform grain boundaries. Overall, increasing 
the stirring speed up to 600 RPM enhances the average 
tensile strength by 14.9%, making it the optimal condition 
for improving the tensile properties of A356 aluminum.

Strain test results also reveal the effect of stirring speed 
on deformation behavior, as shown in Fig. 10. At 400 RPM, 
the average maximum strain reaches 3.6780%, with the 
microstructure still dominated by coarse grains, result-
ing in a stiffer material where elastic deformation remains 
predominant. At 500 RPM, the strain slightly decreases to 
3.4522%, indicating the material remains relatively rigid, 
with microstructural features not significantly different 
from those at 400 RPM. However, at 600 RPM, the strain 
increases significantly to 4.4748%, due to improved micro-
structure with finer grains and more uniform grain bound-
aries—signaling the onset of permanent deformation. Thus, 
a  stirring speed of 600 RPM results in the highest strain, 
consistent with the observed increase in tensile strength.

Fig.  11 presents the elastic modulus of the material 
A356 aluminum composed of 15% TiO2 under varying 
stirring speeds. At 400 RPM, the average elastic modulus 

reaches 7690.2 N/mm2, indicating increased stiffness due 
to microstructural reorientation and the influence of cen-
trifugal forces. At 500 RPM, a slight decrease is observed, 
with the modulus dropping to 9690.6  N/mm2, likely 
caused by dispersion failure and weakened atomic bond-
ing, although the material still adapts to applied loads. At 
600  RPM, the elastic modulus increases significantly to 
10,277.7 N/mm2, reflecting a more organized microstruc-
ture that is optimally resistant to applied stress. Therefore, 
a stirring speed of 600 RPM results in the highest elastic 
modulus, indicating a maximum improvement in material 
stiffness.

3.4 Impact test
Charpy impact tests were conducted on three test spec-
imens for each variation of titanium dioxide addition to 
ensure the reliability and convergence of the data obtained. 
The tests utilized a small pendulum capable of absorbing 
a maximum energy of 150  J. The graph displaying the 
Charpy impact test results for A356 aluminum with vari-
ous TiO2 additions is shown in Fig. 12.

The impact test results show that A356 aluminum with-
out TiO2 exhibits the lowest toughness (0.042 J/mm2), due 
to a microstructure dominated by coarse grains and loosely 
packed dendrites, leading to brittle fracture with a coarse 
granular pattern. The addition of 5% TiO2 increases the 
toughness to 0.0443 J/mm2, attributed to longer and more 
tightly packed dendrites that improve energy distribution 
during impact. With 10% TiO2, toughness further increases 
to 0.0476 J/mm2, as the growth of larger dendrites enhances 
the material's energy absorption capability, although the 
fracture behavior remains predominantly brittle.

The highest toughness value (0.0506 J/mm2) is achieved 
with the addition of 15% TiO2, resulting from finer grains 
and increasingly compact dendritic structures that improve 

Fig. 10 Graph of material strain values for stirring speed variations

Fig. 11 Graph of elastic modulus of stirring speed variation Fig. 12 Charpy impact toughness value graph of variation of TiO2 addition
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stress distribution and resistance to impact. Although the 
fracture mode remains brittle, the fracture surface appears 
smoother, displaying a granular pattern resembling fine 
crystals. Overall, increasing TiO2 concentration directly 
enhances the toughness of A356 aluminum, with 15% of 
TiO2 identified as the optimal variation for maximizing 
impact energy absorption increasing by 21%.

The graph of Charpy impact toughness for A356 alumi-
num with a 15% TiO2 addition at various stirring speeds is 
presented in Fig. 13.

Impact test results indicate that at a stirring speed of 
400  RPM, the average toughness reaches 0.054  J/mm2, 
attributed to the effects of strain hardening and grain redis-
tribution within the microstructure, which enhance the 
material's ability to absorb impact energy. This improve-
ment aligns with tensile test results that show increases in 
both elastic modulus and Brinell hardness. At 500 RPM, 
toughness further increases to 0.055 J/mm2 due to a more 
uniform grain distribution within the microstructure, 
which strengthens the material's resistance to impact.

The highest toughness is achieved at a stirring speed of 
600 RPM, with an average value of 0.057 J/mm2. At this 
speed, an average toughness increases of 8.2% occurred. 
The microstructure under this condition features finer 
grains and more uniform grain boundaries, improving 
material homogeneity and resistance to crack propagation. 
Additionally, the increasingly uniform distribution of TiO2 
particles contributes to enhanced toughness. Therefore, 
higher stirring speeds during the casting process lead to 
greater impact toughness, with 600 RPM identified as the 
optimal condition for improving the impact resistance of 
A356 aluminum [40].

In accordance with the Hall–Petch relationship, the 
strength of a material is inversely proportional to its grain 
size [41]: 

� �y I yk d� �
�
1

2 	 (1)

where d is the average grain diameter, σI and ky are con-
stants specific to the metal. A reduction in grain size leads 
to an increase in material strength. The strength of A356 
increases as the addition of TiO2 and the stirring speed are 
increased, both of which contribute to grain refinement. 
The resulting finer grain structure enhances the overall 
strength of the material.

In addition to grain refinement, the increase in strength 
is also attributed to precipitation strengthening by TiO2, 
as explained by the Orowan mechanism  [42]. The addi-
tion of TiO2 leads to the formation of precipitates within 
the grains, and their distribution becomes more uniform 
with the aid of stirring. These intragranular precipitates 
impede dislocation motion, thereby increasing the mate-
rial's resistance to deformation. When an external load 
is applied, dislocations move and approach the aligned 
precipitates due to the acting stress. As dislocations con-
tinue to move, they are obstructed by the precipitates. 
Since the precipitates are sufficiently strong, dislocations 
are unable to shear through them. This hindrance to dis-
location movement results in precipitation strengthening. 
This phenomenon explains why the combination of 15% 
TiO2 addition and a stirring speed of 600 RPM yields the 
highest strength in the material. The results indicate that 
the A356 aluminum alloy reinforced with TiO2 exhibits 
favorable strength and toughness. These properties make 
it a promising candidate for use in various automotive and 
aerospace applications. In the automotive sector, A356 is 
commonly utilized in components such as engine blocks, 
cylinder heads, and wheels, contributing to the develop-
ment of lighter and stronger vehicles. In aerospace appli-
cations, the alloy's low density and excellent corrosion 
resistance are particularly advantageous, with typical 
uses including landing gear, wing structures, and fuse-
lage frames, all of which contribute to reducing the over-
all weight of the aircraft [43].

4 Conclusion
The mechanical properties of A356 aluminum alloy can be 
effectively modified through the addition of TiO2 powder 
and the application of stirring during the melting process. 
Structural transformations and enhancements in mechan-
ical performance were observed as a result of these treat-
ments, with the following key findings:

•	 The chemical composition of A356 is altered with 
the addition of TiO2 powder, where the titanium con-
tent tends to increase proportionally with the amount 
of TiO2 introduced.Fig. 13 Charpy impact toughness value graph of stirring speed variation
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