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Abstract. Optimization of technological processes through mathematical modeling reduces the 
number of experimental studies and leads to improved technological efficiency. In this paper, 
based on the results of modifying aluminum-silicon system alloys with tantalum oxide, the effect 
on one of their mechanical properties – impact toughness – was optimized using mathematical 
modeling. The samples were cast in foundry furnaces, and experimental investigations were 
carried out under laboratory conditions. The impact toughness of the samples was determined 
using a JBW-300 pendulum impact testing machine. Based on the obtained results, a relationship 
graph was developed showing the dependence between the amount of tantalum oxide used for 
modification and the impact toughness of the aluminum-silicon alloy under study. Using this 
experimentally obtained graph, the results were mathematically modeled. It was found that the 
presence of tantalum particles in the range of 0.3-0.5 % in the aluminum-silicon alloy composition 
has a positive effect on its impact toughness. At the end of the paper, the authors’ conclusions are 
presented based on the conducted experiments and the results obtained.  
Keywords: mathematical modeling, impact toughness, mechanical properties, deformation, 
aluminum, tantalum. 

1. Introduction 

The development of the mechanical engineering industry requires machine components to 
have a long service life and to be manufactured in an economically efficient manner. For this 
purpose, optimizing technological processes through mathematical modeling is considered one of 
the most effective approaches in component manufacturing. The production of machine-building 
components by casting plays an important role in the mechanical engineering industry. In recent 
years, the manufacture of machine components from aluminum alloys has been increasing year 
by year. This is due to the favorable mechanical and service properties of aluminum alloys, as 
well as their good castability [1-2]. In addition, the distinctive characteristics of these alloys, such 
as light weight combined with high strength, further increase their demand [3-5]. One of the 
methods for improving the mechanical properties of aluminum alloys is the technological process 
of modification using various modifiers [6]. At present, scientific research aimed at improving the 
properties of aluminum alloys – particularly cast aluminum alloys – and extending the service life 
of manufactured components is being actively conducted by researchers worldwide [7-10]. In 
addition, experimental studies have been carried out by researchers to investigate the effect of 
tantalum on aluminum alloys. 

In particular, Maria Elizabetta Pammer and co-authors, in their scientific work entitled “The 
Effect of Tantalum on the Processing of Al10SiMg Alloys”, investigated the influence of Ta on 
Al10SiMg alloys based on the results of laboratory experiments. In these experiments, tantalum 
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was added as a modifying element to Al10SiMg alloys at temperatures ranging from 660 °C to 
700 °C [11]. At the conclusion of the experiments, it was observed that the addition of tantalum 
to Al10SiMg alloys at a temperature of 668 °C with a holding time of 60 minutes provided the 
most effective results. 

Yu. K. Yezhovskiy and A. I. Klusevich, in their scientific work entitled “Dielectric Multilayer 
Nanostructures Based on Tantalum and Aluminum Oxides”, examined the formation process and 
certain dielectric properties of multilayer nanostructures obtained on the basis of tantalum and 
aluminum oxides. Their experimental results showed that the dielectric permittivity of such 
structures is almost linearly dependent on the indicated composition, and that their conductivity 
depends on the ratio of the thicknesses of each layer, which was experimentally confirmed [12]. 

Sam McCartney and co-authors conducted a scientific study entitled “Formation of Ta3N5 
Films by Reactive Sputtering of Aluminum with Tantalum Oxide”. In their research, aluminum 
was alloyed with tantalum oxide using a reactive sputtering method. However, they noted that 
increasing the aluminum ratio in the deposited thin Ta-N-Al layer leads to positive reactions in 
the thin film at high values of the Ta2Al intermetallic compound, resulting in a decrease in 
electrical resistance. From the researchers’ work, it can be concluded that the developed Ta-N-Al 
thin films have shown effective performance when applied in resistor devices [13]. 

However, despite the studies discussed above, the effect of tantalum on other mechanical 
properties of aluminum alloys – particularly impact toughness – has not been sufficiently 
investigated. In this paper, the influence of tantalum oxide on the impact toughness of an 
aluminum-silicon alloy is analyzed and optimized through mathematical modeling. 

2. Materials and methods 

Impact toughness is the ability of a metal or alloy to absorb mechanical energy during 
deformation and fracture under impact loading. It is usually evaluated by the work required to 
deform and fracture a prismatic specimen with a unilateral transverse notch during an impact 
bending test, which is denoted by 𝑎௡. Impact toughness is one of the most important strength 
properties of a metal. A sharp decrease in impact toughness with decreasing test temperature 
defines the material’s cold brittleness (ductile-brittle transition) limit; reliable operation of the 
material is possible only at temperatures above this limit [14]. 

A widely used method for determining impact toughness is testing specimens with a small 
fatigue crack (approximately 1.5 mm in length) extending from the notch root. In this case, the 
specific fracture energy, usually denoted by 𝑎௧௨, is evaluated. Compared with 𝑎௡, 𝑎௧௨ is a more 
sensitive parameter for assessing the brittleness of high-strength materials. The test determines the 
material’s resistance to impact, which is defined as the work expended to fracture the specimen 
under impact divided by the cross-sectional area at the notch. 

Aluminum-silicon system specimens with various compositions cast in a foundry furnace were 
prepared in accordance with the state standard, and U-notched specimens were selected for impact 
toughness testing. The specimens were manufactured by machining in accordance with the 
drawing (Fig. 1). 

 
Fig. 1. Schematic drawing of the specimens 

The experiments were carried out at room temperature using a JBW-300 pendulum impact 
testing machine, which provides a nominal pendulum energy of up to 300 J. The specimens were 
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placed on the supports of the impact testing device with the notch oriented in the opposite direction 
to the impact. Using a template, the specimens were positioned asymmetrically relative to the 
supports. 

The impact work was determined automatically, and the results were displayed on the monitor 
after each test. The main measured parameter was the absorbed energy (𝐾), which represents the 
energy of the impact required to fracture the specimens, adjusted to account for frictional losses. 

3. Results and discussion 

The obtained results are presented in Table 1. Based on the data in Table 1, a relationship graph 
showing the effect of tantalum content in the alloy on impact toughness was developed (Fig. 2). 
The results confirm that the investigated aluminum alloys possess sufficient plasticity and impact 
toughness, which makes them suitable for application in components operating under dynamic 
loads. Increasing the tantalum content in the alloy beyond a certain level does not lead to a further 
increase in impact toughness; on the contrary, it results in a decrease. 

Table 1. Impact toughness results 
No.  Type of specimen Test temperature Impact toughness, J/cm2 
1 U-notched specimen, 2 mm 20±3 3.2 
2 U-notched specimen, 2 mm 20±3 3.5 
3 U-notched specimen, 2 mm 20±3 3.8 
4 U-notched specimen, 2 mm 20±3 3.4 

 
Fig. 2. Relationship graph 

 
a) 

 
b) 

Fig. 3. Changes in the microstructure of the samples: a) sample without tantalum oxide addition;  
b) sample with tantalum oxide addition 

Fig. 3(a) shows the microstructure of the aluminum alloy without the addition of tantalum 
oxide, where a non-uniform distribution of phases and relatively coarse particles can be observed. 
In some regions, agglomeration of intermetallic or silicon phases is present, which may lead to the 
formation of local stress concentrations within the structure. In contrast, Fig. 3(b) presents the 
microstructure of the sample with tantalum oxide addition, where the particles are significantly 
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finer and more uniformly distributed. The introduction of tantalum oxide increases the number of 
crystallization centers, resulting in grain refinement and improved structural uniformity, which 
positively affects the mechanical properties of the alloy, particularly its impact toughness. 

In the next stage, a mathematical model is developed to describe the dependence of the impact 
toughness of the Al-Si alloy on the percentage content of tantalum as a result of modification with 
tantalum oxide. For this purpose, the experimental results obtained are used (Fig. 2). Four 
experimental data points, namely (0, 3.2), (0.3, 3.5), (0.5, 3.8), and (0.7, 3.4), are taken as input 
values, and based on these points, the initial form of a cubic polynomial function is constructed as 
shown in Eq. (1) [15]: 

𝑃ሺ𝑥ሻ = ෍𝑦௞ ∙ 𝐿௞ሺ𝑥ሻଷ
௞ୀ଴ , (1)

where 𝐿௡(𝑥) – denotes the basic Lagrange polynomials, and 𝑦௞ – represents the 𝑦-coordinates of 
the data points. 

At the initial stage of the calculation, the 𝐿௡(𝑥) polynomials are determined. Each 𝐿௡(𝑥) is 
defined by the following formula: 𝐿௡(𝑥) = ෑ 𝑥− 𝑥௠𝑥௡ − 𝑥௠଴ஸ௠ழଷ௠ஷ௡ . (2)

To construct a mathematical model of this graph obtained from the experimental studies, the 
initial form of the cubic polynomial function for the four measured data points is given as in 
Eq. (1). Each 𝐿௡(𝑥) is defined by the following Eq. (2) [17]. In the present case, for the 
experimentally determined points 𝑥଴ = 0, 𝑥ଵ = 0.3, 𝑥ଶ = 0.5, 𝑥ଷ = 0.7, the following expressions 
are obtained: 

𝐿0(𝑥)(𝑥଴ = 0,𝑦଴ = 3.2 −)𝐿଴(𝑥) = (𝑥 − 0.3)(𝑥 − 0.5)(𝑥 − 0.7)(0 − 0.3)(0 − 0.5)(0 − 0.7), 𝐿1(𝑥)(𝑥ଵ = 0.3,𝑦଴ = 3.5) − 𝐿ଵ(𝑥) = 𝑥(𝑥 − 0.5)(𝑥 − 0.7)(0.3 − 0)(0.3 − 0.5)(0.3 − 0.7), 𝐿2(𝑥)(𝑥ଶ = 0.5,𝑦଴ = 3.8) − 𝐿ଶ(𝑥) = 𝑥(𝑥 − 0.3)(𝑥 − 0.7)(0.5 − 0)(0.5 − 0.3)(0.5 − 0.7), 𝐿3(𝑥)(𝑥ଷ = 0.7,𝑦଴ = 3.4) − 𝐿ଷ(𝑥) = 𝑥(𝑥 − 0.3)(𝑥 − 0.5)(0.7 − 0)(0.7 − 0.3)(0.7 − 0.5). 
Using the expressions obtained above, we can write the function 𝐹(𝑥), which can be expressed 

as follows. Thus, the following data points have been obtained based on the experimental studies: 𝑦଴ = 3.2; 𝑦ଵ = 3.5; 𝑦ଶ = 3.8; 𝑦ଷ = 3.4. 
In this case, we obtain the following expression 𝐹(𝑥) = 3.2𝐿଴(𝑥) + 3.5𝐿ଵ(𝑥) + 3.8𝐿ଶ(𝑥) +3.4𝐿ଷ(𝑥). 
Now, all terms are combined as follows, and using the obtained results, a mathematical model 

of the dependence of the impact toughness of the aluminum-silicon alloy on the percentage content 
of the tantalum oxide modifier during modification is developed: 𝑌 = 𝐹(𝑥) ≈ −13.929𝑥ଷ + 12.143𝑥ଶ − 1.3893𝑥 + 3.2. (3)

The graph of the developed function was also generated using the PTC Mathcad software. To 
verify the reliability of the obtained mathematical model, the values of the points determined from 
the experimental studies were entered into the program and tested. By comparing the graph 
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obtained from the experimental data with the graph generated using the developed mathematical 
model, it was found that the similarity of the mathematical model is 96 % (Fig. 4). 

 
Fig. 4. Cast samples. Scheme for developing the mathematical model based  

on experimental results and the corresponding graphs 

4. Conclusions 

Based on the conducted research, the following conclusions can be drawn: 
1) Modification of the aluminum-silicon alloy with tantalum oxide made it possible to increase 

its impact toughness by 10-12 %. In this process, tantalum should be introduced into the molten 
aluminum-silicon alloy in such a way that its content in the alloy composition remains within the 
range of 0.3-0.5 %. 

2) Using the Eq. (3) developed through mathematical modeling, the effect of tantalum on the 
impact toughness of the aluminum–silicon alloy can be determined by calculation, without the 
need for additional experimental studies. 

3) The differences between the graphs obtained from laboratory experiments and those 
developed through mathematical modeling were found to be within the range of 4-5 %, which 
confirms the reliability of the conducted research. 
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