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Abstract. This article investigates the effect of tantalum oxide (Ta,Os) modification on the
hardness properties of aluminum-silicon (Al-Si) alloys through mathematical modeling and
parametric evaluation. During the experimental studies, the influence of varying amounts of
tantalum oxide particles on the mechanical properties-particularly hardness-was examined, and
the relationship between them was clarified based on experimental results. The findings indicate
that the addition of tantalum oxide has a significant impact on the hardness of the alloy. The
modifier was introduced into the samples in specially wrapped form, and the samples were cast
into sand—clay molds. Within a certain optimal concentration range, the hardness reaches its
maximum value, which can be explained by microstructural refinement and improved phase
distribution. However, when the amount of additive exceeds this optimal level, a slight decrease
in hardness is observed due to particle agglomeration and segregation in the samples. Based on
the research results, a mathematical model describing the relationship between tantalum oxide
content and hardness was developed. This model shows good agreement with experimental data
and can be effectively used as a tool for selecting the optimal composition of Al-Si alloys and
predicting their mechanical properties.

Keywords: tantalum, aluminum-silicon alloy (Al-Si), hardness, temperature, deformation,
mechanical properties, mathematical modeling.

1. Introduction

In the production of aluminum and its alloys by casting methods, the mechanical properties of
the alloy play a decisive role in determining the performance and service life of the final product
[1-3]. Among these properties, hardness is one of the most important, as it directly affects the
strength, wear resistance, and resistance to deformation of the alloy [4-7].

At present, numerous studies conducted by researchers worldwide are focused on improving
the mechanical properties of aluminum-silicon alloys through microalloying and modification
with various modifiers. In addition, efforts are being made to optimize alloy modification
processes using mathematical modeling based on experimental results [8-12].

In particular, Franc Zupani¢ and co-authors investigated the effect of the friction stir
processing (FSP) process on the microstructure in the stir zone of a micro alloyed Al-Mn-Cu alloy.
According to their findings, due to high temperature and severe plastic deformation, the grains
undergo significant refinement, decreasing in size from about 120 pm to several micrometers. At
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the same time, the initial coarse intermetallic phases are fragmented into fine dispersed particles
and predominantly transform into the stable 1-Al,oMnsCu4 phase. In the heat-treated condition,
the quasi-crystalline (IQC) precipitates dissolve completely during the friction stir processing
(FSP) process, whereas the L1,-Als(Sc, Zr) precipitates are partially retained and undergo
coarsening. As a result, the amount of dispersed strengthening phases decreases, leading to an
approximately 25 % reduction in hardness, particularly in the heat-treated samples, while in the
as-cast condition the hardness remains nearly unchanged. Overall, the FSP process significantly
alters the microstructure and phase composition; however, due to the dissolution of precipitates,
it does not always result in an improvement of mechanical properties [13].

In the study titled “Evaluation of the Effect of Alloying Elements on the Mechanical and
Electrical Properties of Aluminum” [14], conducted by T. Knych and co-authors, the influence of
Si, Mn, Mg, Cu, and Zn on the mechanical and electrical properties of aluminum was investigated.
The results showed that the addition of these alloying elements leads to an increase in the strength
and hardness of aluminum, while the relationship between composition and electrical conductivity
remains largely unchanged. It was also observed that an increase in manganese content contributes
to the deterioration of electrical properties. Furthermore, during the transition from a solid solution
to highly segregated phases, no significant increase in the concentration level within the aluminum
matrix was detected. The study also demonstrated that the strengthening effect of alloying
additions follows a trend close to linear behavior. In a study by Pammer et al. (2023), it was
demonstrated that the addition of small amounts of tantalum to Al-Si alloys significantly improves
the microstructure. In particular, tantalum acts as a grain refiner and reduces the “silicon
poisoning” effect caused by silicon. As a result, the a-Al grains become refined, leading to
improved mechanical properties, including hardness. This study highlights the direct relationship
between the modification process and hardness [15]. The above-mentioned studies are primarily
based on experimental results; however, there has been no research focused on mathematically
modeling the effect of tantalum oxide modification on the hardness of aluminum-silicon alloys.
In this article, the effect of tantalum oxide on the hardness of Al-Si alloys is investigated through
mathematical modeling based on experimental data obtained from practical studies.

2. Materials and methods

In hardness testing of aluminum-silicon alloys, the surface layer of the specimen is examined;
therefore, careful surface preparation is essential. The tested surface must be free from defects,
properly ground, and smoothly polished to ensure reliable results. The hardness of alloys has a
significant influence on their overall properties. For this reason, hardness measurements are
widely used as an indirect method for evaluating the strength characteristics of materials,
particularly in cases where tensile testing is impractical.

Among the commonly applied hardness testing methods for aluminum alloys are the Brinell
and Rockwell tests, each selected based on the alloy composition, hardness range, and specimen
geometry [16]. The chemical composition of the aluminum-silicon alloy selected as the research
object is presented in Table 1. The alloy primarily consists of up to 93.6 % aluminum and up to
8 % silicon. Silicon reduces the ductility and strength of the alloy, as it forms brittle inclusions
and intermetallic compounds within its structure [17]. Due to its excellent casting properties,
aluminum-silicon alloys are widely used in the production of complex components and
mechanical parts employed in engineering applications [18].

Table 1. Chemical composition of aluminum-silicon alloys
Fe Si Mn Ni Al Cu Mg Zn
till 1.3 | 6-8 | 0.2-0.6 | till 0.3 | 87.6-93.6 | till 1.5 | 0.2-0.5 | till 0.5
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3. Results and analysis

In this study, the variation in sample hardness was evaluated using the Brinell hardness scale.
The aluminum-silicon alloy was completely melted in a casting furnace at a temperature of
740-760 °C, and the surface of the melt was protected with a flux. Subsequently, fine-dispersed
tantalum (V) oxide (Ta,Os) particles with a size of 1-3 um were mixed with aluminum powder,
compacted into briquettes, and introduced directly into the molten metal in the ladle during the
casting process. After the addition of Ta,Os, the melt was stirred in the ladle for 2-3 minutes to
ensure the uniform distribution of the oxide particles throughout the molten alloy. The hardness
of each sample was then measured using a THBRV-187.5DX universal hardness tester.
Measurements were taken at three different locations on the surface of each specimen, and the
average value was calculated. The final hardness of each sample was determined according to the
Brinell hardness scale (HB). Based on the experimental results, a graph illustrating the relationship
between the Ta,Os particle content and the hardness of the aluminum alloy was constructed
(Fig. 1). The addition of Ta;Os increased the number of heterogeneous nucleation sites in the
molten alloy, resulting in grain refinement of the a-Al phase and a finer, more uniform distribution
of the eutectic Si phase. Furthermore, the high-hardness Ta,Os ceramic particles acted as a
dispersion-strengthening phase, effectively restricting plastic deformation. Consequently, the
hardness of the cast aluminum alloy was significantly improved.
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Fig. 1. Dependence of the Brinell hardness of the aluminum alloy on Ta2Os particle content

When the Ta,Os content was increased to 0.10-0.20 %, the hardness of the alloy rose from
50 HB to 56 HB. This improvement is attributed to dispersion strengthening and the restriction of
dislocation movement. However, when the Ta,Os content was further increased to 0.30 %, a slight
decrease in hardness was observed, which is associated with particle agglomeration and a
reduction in strengthening efficiency.

In the next stage, the effect of tantalum oxide introduced into aluminum-silicon alloys were
mathematically modeled [19]. Initially, a mathematical model describing the dependence of alloy
hardness on the percentage content of Ta,Os was developed. For this purpose, experimental results
obtained from practical studies (Fig. 2) were used.

Based on the experimental data, four data points — (0, 50), (0.1, 54), (0.2, 56), and (0.3, 55) —
were taken as input values. Using these points, the initial form of a cubic polynomial function was
constructed as follows: P(x) = Y3_o Yk * Lk (x), where L (x) — Lagrange basis polynomials, y;
— the y-coordinates of the points.

At the initial stage of the calculation, the Ly(x) terms are determined; each L,(x) is defined
by the following formula:
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X = X

Ln(x) = Xim (1)

X —
osm<3 M
m#n

In the considered case, based on the experimental data at the points x, =0, x; =0.1,
x, = 0.2, and x3 = 0.3, the following expressions are obtained:

a) Lo(x) (xo =0, yo = 50):
(x—0.1)(x —0.2)(x —0.3) (x—0.1)(x—0.2)(x —0.3)

Lo(x) = (0—-0.1)(0—0.2)(0 — 0.3) —0.006 @
b) L, (x) (x; =0.1, yo = 54):
L o (x-0)x-02)(x-03)  x(x—02)(x—-03) 3
1) = BT 0)(01=0)01-03) 0.002 )
¢) L,(x) (x; =0.2, y, = 56):
_ x(x—0.1)(x—0.3) _x(x—0.1)(x —0.3)
La(x) = (0.2—-0)(0.2—-0.1)(0.2—-0.3) —0.002 @)
d) L3(x) (x3 = 0.3, y, =55):
_ x(x —0.1)(x —0.2) _x(x—0.1)(x —0.2)
Ls(x) = (0.3—-0)(0.3-0.1)(0.3—-0.2) 0.006 ' )
I Experimental graph ‘ ‘ Graph obtained by regression model l
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Fig. 2. Scheme for developing the mathematical model based on experimental results and their graphs

Regression model
y = -166.67x — 50x* + 46.667x + 50

The following data points were obtained from experimental studies: y, = 50; y; = 54;
Y2 =56;y; =55.

Thus, using the above results, we can express F(x) as follows:
F(x) =50 Lo(x) +54-Ly(x)+56-Ly(x)+ 55" Ls(x). (6)

From this, the following formula is obtained:

'VIBROENGINEERING PROCEDIA. NOVEMBER 2026, VOLUME 64 27 5



PARAMETRIC OPTIMIZATION AND MATHEMATICAL MODELING OF TANTALUM OXIDE MODIFIED AL-SI ALLOY HARDNESS.
SARVAR TURSUNBAEV, ZOKIRJON NURDINOV, JAVLON BEKPULATOV, FATXULLA ABDULLAEV, LAZIZBEK RAUFOV, NURITDIN TADJIEV,
NARGIZA NAZAROVA, KAMOLA TASHXODJAYEVA

_ (x=01)(x—-0.2)(x —0.3) x(x—0.2)(x —0.3)
F) =50 (_ 0.006 ) * 54( 0.002 )
e (_EE=0DE=03)) (x(x=0D(x=02) @
* (_ 0.002 ) * ( 0.006 )

Then, we simplify the obtained expression step by step as follows:

(Vo): Lo(x) = —166.67x3 + 100x% — 18.33x + 1;

(y1): L1 (x) = 500x% — 250x2 + 30x;

(72): Lp(x) = —500x3 + 200x2 — 15x;

(y3): L3 (x) = 166.67x3 — 50x% + 3.33x.

Now, we add all the expressions and combine all the terms. Then, using the obtained results,
we derive the following mathematical model describing the dependence of the hardness of
aluminum-silicon alloys modified with tantalum oxide on the percentage of tantalum oxide. This
model is valid within the range of the minimum and maximum values of the modifier added during
the experiments [20]:

Y = F(x) ~ —166.67x; — 50x, + 46.667x + 50. (8)

Using the PTC Mathcad software, we construct the graph of the developed mathematical
model based on the Lagrange interpolation method. To verify the reliability of the obtained
regression equation, the values of the experimentally obtained data points are entered into the
program and tested. By comparing the graph obtained during the experiments with the graph
generated using the developed mathematical model, it was determined that the model shows a
98 % agreement (Fig. 3).

4. Conclusions

Based on the experimental results, the optimal addition of Ta;Os to the aluminum-silicon alloy
during ladle treatment was determined to be approximately 0.20 wt.%. At this concentration,
tantalum oxide produced the greatest improvement in alloy hardness, indicating its effectiveness
as a modifying agent. The proposed modification technique is readily applicable to conventional
casting processes, requires no additional sophisticated equipment, and therefore offers strong
potential for industrial implementation. In addition, the relationship between the hardness of Ta,Os
modified aluminum-silicon alloys and the modifier content were mathematically described using
the Lagrange interpolation method. The developed model is valid within the range of the
experimental data and was verified through graphical analysis in PTC Mathcad. Comparison of
the predicted and experimental hardness values demonstrated an agreement of approximately
98 %, confirming the high accuracy and reliability of the model for predicting alloy hardness
within the investigated composition range.
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