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Abstract 
 
The paper compares changes in the structure and mechanical properties due to the synergistic effect of alloying elements Zr and Ti. It is 

assumed that by increasing the content of Zr and Ti in the aluminium alloy, better mechanical properties will be achieved. Paper focuses on 

description of the differences between the samples casted into the shell mold and the metal mold. Main difference between mentioned molds 

is a different heat transfer coefficient during pouring, solidification and cooling of the metal in the mold. The main goal was to analyse the 

influence of Zr and Ti elements and compare the mechanical properties after the heat treatment. Curing and precipitation aging were used 

during the experiment. The effect of the elements on AlSi7Mg0.3 alloy created differences between the excluded Zr phases after heat 

treatment. Evaluation of the microstructure pointed to the decomposition of large predominantly needle Zr phases into smaller, more stable 

formations. 
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1. Introduction 
 

At present, it is impossible to imagine the automotive industry 

without light aluminium alloys. Science and research are still 

engaged in ways of innovation. Aluminium alloys are easy to 

process and have a wide range of applications. The future of 

aluminium alloys depends on further development, especially 

production and heat treatment technology. In case of the aluminium 

casting alloys, alloys with silicon and other additive elements have 

developed very rapidly in a wide range of economic favourable 

applications. Alloying is defined as a planned increase of the 

selected element in the experimental alloy with positive effect on 

the selected properties and at the same time, they can suppress the 

negative effect of harmful elements such as Fe [1]. Therefore 

alloying opens new opportunities in the structural optimization of 

lightweight parts [2]. For example, an increase in the ultimate 

tensile strength (Rm) ensures, in practice a significant weight 

reduction of the casting without losing the strength properties of 

the functional cross-section of the casting. 

The development of new and more sophisticated Al alloys 

consists in a change of chemical composition and technological 

processes. By adding uncommon elements such as Zr to the 

aluminium alloys such as Al-Si-Mg-Cu, it is possible to change the 

selected properties by altering the microstructure (exclude of new 

intermetallic phases, grain refinement or Fe fixation) and the effect 

on heat treatment - annealing and artificial aging [3]. 

Al-based alloys with zirconium show excellent mechanical 

properties. Zirconium is added to the Al-Si alloys to increase the 

alloy strength (strengthening effect being initiated by the 

mailto:elena.kantorikova@fstroj.uniza.sk


90  A R C H I V E S  o f  F O U N D R Y  E N G I N E E R I N G  V o l u m e  2 1 ,  I s s u e  2 / 2 0 2 1 ,  8 9 - 9 3  

elimination of the intermetallic phase of Al3Zr or AlSiZr). Zr is 

characterized by the lowest diffusion in Al compared to other 

elements such as Mn, V or Sc. Zr atoms have high binding energy 

with unoccupied Al sites [4]. The Al3Zr-based phases are resistant 

to dissolution and coarsening at temperatures above 250 °C, 

affecting the size and shape of the grains and sub-grains in the Al-

Si metal matrix of the alloy. Thereby they allow to increase and 

maintain the strength of the Al-Si alloy even after precipitation 

hardening. This is particularly advantageous for Al-Si-Mg-Cu-

based alloys where the hardening phases of Al2Cu or Mg2Si lose 

stability. Excluded phases based on Zr does not achieve a 

strengthening effect like those of Al2Cu or Mg2Si, but they are 

characterized by higher stability at temperatures above 250 ℃ [5]. 

The efficiency of Zr and its phases is closely related to the Mg and 

Cu content since the elements reduce the potency of Zr in Al alloys. 

Zirconium forms fine precipitates that prevent recrystallization, 

resulting in a fine cast structure. Zirconium improves strength 

properties by grain refining and improves corrosion resistance [6]. 

Mechanical properties are the decisive criterion for the practical 

use of the material. A new challenge in the field of aluminium alloy 

research is their resistance to working temperatures above 300 °C 

where Zr also shows positive results when combined with Ti. 

Acquired benefits are important especially for castings of 

gearboxes and engine blocks. Al-Si-based alloys represent an 

important group of alloys used to produce Al alloy castings. 

Conventional Al-Si alloys contain a eutectic with lamellar or 

filamentous morphology. This is attributed to a strong anisotropy 

of Si growth and lower interfacial energy between Si and Al. The 

amount, size and shape of the free Si are related to the mechanical 

properties of the Al-Si binary alloy. The eutectic gives Al-Si alloys 

good standard quality, but also reduces linear shrinkage and the 

tendency for hot cracking or micro-porosity [7]. 

Heat treatment is used to increase the mechanical properties 

such as the strength and ductility of the Al alloy. Adding a trace 

element increases the heat treatment effect. The curing of Al alloys 

with the addition of Zr is often carried out by precipitation 

hardening and subsequent artificial aging. 

The paper describes differences in mechanical properties of Al 

alloy with addition of zirconium after heat treatment. It describes 

the differences of the samples cast into the shell mold and the metal 

mold, since each is characterized primarily by a different heat 

dissipation after casting and by a different grain and sub grain 

growth mechanism in the Al alloy metal matrix. Each technology 

has its advantages, in the case of ingot mold casting there is a sharp 

heat dissipation and the formation of finer grains, and due to the 

solid mold the stresses in the casting are created. On the other hand, 

the casting technology on the smelting model ensures better 

running property and a more stable solidification process due to the 

casting into the heated shell, especially in the production of 

complex and precise castings. The disadvantage is non-regular 

texture in terms of grain size [7, 8].  

Light metals such as aluminium alloys have given the 

automotive industry a new impulse. New materials triggered the 

development of new production technologies and led to new 

material properties [8, 9]. 

AlSi7Mg0.3 alloy is used for the production of castings where 

good casting properties, corrosion resistance, pressure tightness 

and weldability are required. It is therefore often used in the 

production of components for internal combustion engines. It is 

therefore important to find possibilities of using AlSi7Mg0.3 

aluminium alloy for current applications such as electric cars. It is 

also used in the production of components for the aerospace and 

defence industries. In order to achieve the positive parameters 

mentioned above, it is necessary to ensure a high purity of the 

primary alloy, because iron results in a decrease in the quality of 

the production of castings and an increase in costs due to non-

conforming production [9] 

 

 

2. Methods and goals 
 

An alloy commonly used in the automotive industry 

AlSi7Mg0.3 was selected for the experiment, which normally 

contains (in wt.%) 6.7 Si, 0.13 Fe, 0.5 Cu, 0.34 Mg and 0.1 Ti [10]. 

Six types of samples were produced, which were cast into a shell 

mold and six types into a metal mold (sample mold). Three 

experimental melts were produced with a constant addition of 0.2% 

Zr followed by a gradual addition of Ti in 0.1, 0.2 and 0.3 wt. %. 

The aim was to evaluate the effect of the combination on grain 

refinement, elimination of new intermetallic phases and their 

common synergy in improving mechanical properties. The heat 

treatment procedure was carried out according to STN EN 1706. 

Hardening T6, solution annealing 540 °C, 12 hours / water 20 ° C. 

Artificial aging 150 °C, 3 hours on the air. The heat treatment was 

carried out in an electric chamber furnace. The selected mode is 

used for castings from which good castability, corrosion resistance, 

pressure tightness and weldability are required. The use of such 

castings is, for example, in nuclear power plants, aircraft pumps or 

engine cylinder blocks. Brinell hardness, tensile and standard 

optical metallography were performed on the samples. 

Chemical composition of finished castings was verified on the 

spectrometer. It can be read from Table 1 that the content of Zr and 

Ti in the shell form did not sufficiently dissolve compared to the 

metal form, where there is a sufficient amount of Zr, but the 

titanium did not appear. The Ti inoculant was added due to the 

greater number of Zr grains. With Ti we wanted to influence the 

size of Zr grains and thus their number. 

The hardness of the cast and heat treated samples was measured 

according to Brinell, ball diameter 5 mm, load 250 kg, time 10 s. 

Each value is an average of at least five separate measurements 

taken randomly. For the tensile test, samples with a circular 

diameter of 8 mm and a length of 65 mm were produced. The heat 

treatment was already performed on the finished samples. The 

samples were drawn on an electronic universal testing machine 

with a capacity of 20 kN. Three samples were tested for each 

condition. Mechanical properties such as tensile strength and 

elongation were derived from the machine data collection system. 
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Table 1. 

Chemical analysis of experimental material (Content of the element weight %) 

Type of sample Element Si Fe Mg Cu Zr Ti Al 

Shell 

(in wt. %) 

0.2Ti 6.90 0.113 0.395 0.54 0.0019 0.155 91.8 

0.3Ti 6.86 0.116 0.374 0.55 0.0939 0.161 91.7 

0.4Ti 6.80 0.120 0.360 0.54 0.2190 0.133 91.7 

Steel mold  

( in wt. %) 

0.2Ti 6.94 0.125 0.07 0.55 0.126 0.22 91.5 

0.3Ti 6.73 0.128 0.07 0.54 0.15 0.27 91.7 

0.4Ti 6.55 0.127 0.07 0.5 0.122 0.23 92.0 

 

 

3. Results and discussion 
 

Changes in hardness of samples before and after heat treatment 

are presented in Table 2. The heat treatment increased the hardness 

of all samples compared to as-cast condition. In the case of samples 

cast into a metal mold, the specified value according to AC421 90 

HBW is prescribed after heat treatment. The hardness of the 

material increases as the amount of titanium is added, but by heat 

treatment the values have stabilized at the same value of 90 HBW. 

In terms of the hardness of the material, the increased Zr content in 

the metal form did not occur. In the shell form, the hardness 

difference is clear because the prescribed value is 75 HBW. 

Hardness increased by 30% after heat treatment. It is assumed that 

the increased hardness is related to a different heat transfer than the 

metal mold. 

 

Table 2. 

Brinell hardness  

HBW 5/250/10 

 Shell Metal mold 

 Non HT With HT Non HT With HT 

0.2Ti 66 86 75 91 

0.3Ti 61 87 80 90 

0.4Ti 64 92 84 87 

 

The mean values from the tensile test Rm and the ductility A 

are shown in Figure 1. The highest tensile strength of the shell mold 

was 258 MPa for the sample with 0.3% Ti, prescribed in the 

standard is 260 MPa. For the metal mold, this is a sample with 0.4% 

Ti value of 280 MPa, prescribed is 290 MPa. None of the samples 

reached the reference, conventional maximum tension. In the 

elongation evaluation, the best results were obtained with a sample 

of 0.4 Ti after heat treatment, die casting, A = 8%. the reference 

value is set at 4%. A standardized result was achieved on a sample 

with 0.3% Ti mold and 0.4% Ti shell. The results are shown in the 

graph Figure 2. For aluminium alloys, ductility is an important 

indicator of mechanical properties. It expresses possible changes in 

the crystal lattice and changes in dislocations in materials. 

 
Fig. 1. Ultimate tensile strength, Mm NHT – metal mold non heat 

treatment, S NHT – Shell non heat treatment, Mm HT - metal 
mold heat treatment, S HT - Shell heat treatment 

 
The basic microstructure of the AlSi7Mg0.3 alloy is 

hypoeutectic, containing primary dendrites and eutectic consisting 

of α phase and Si. Due to the content of elements such as Fe and 

Mn in the alloy, they can be deposited in the form of ferric 

intermetallic phases in various morphological forms. The effect on 

the resulting structure is closely related to the chemical 

composition and casting technology. In the instance of mold 

casting technology, quicker cooling and a fine dendritic structure 

can be expected, in comparison to conventional casting [11, 12]. 

 

 
Fig. 2. The ductility of examined samples 
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Addition of zirconium to AlSi7Mg0.3 resulted in the formation 

of large Zr phases that were non-regularly distributed and of 

varying size (Fig. 3). Zr phases are preferably excluded as needles 

having sharp edges. The observed Zr phases in the microstructures 

are probably intermetallic phases of the Al3Zr or AlSiZr type. 

There was no difference in microstructure between all samples 

prior to heat treatment. The needles form groups or are stored 

individually. The Zr-based particles are derived from insufficient 

dissolved AlZr10 master alloy. 

 

 
Fig. 3. Microstructure of AlSi7Mg0.3 with 0.2% Zr before HT, 

etchant 0.5% HF 

 

The heat treatment affected the entire structure and changes the 

Zr phases. The number of Zr phases also increased according to the 

inoculated Ti content. However, there was a difference between the 

samples cast into the shell mold, where Zr appeared as sharp 

needles, distributed individually throughout the cross-section of the 

sample (Fig. 4). In contrast to the samples cast into the metal mold, 

where the phases decomposed into tiny clusters of small needles 

with a rounded end (Fig. 5). 

 

 
Fig. 4. Microstructure of AlSi7Mg0.3 with 0.2% Zr, with HT cast 

into shell mold, etchant 0.5% HF. 

 
Fig. 5. Microstructure of AlSi7Mg0.3 whith 0.2% Zr, with HT 

cast into metal mold, etchant 0.5% HF. 

 

By adding various elements to the AlSi7Mg0.3 alloy, it is 

possible to provide an improvement in the mechanical properties 

of the alloy. Zr provides increased strength, hardness and high 

temperature resistance. The increase in the above-mentioned 

properties, such as strength or hardness, is due to the exclude of the 

hardened Al3Zr phases which intersect the AlSi phases and the 

eutectic. These can be secreted as single needles or a group of 

needles. The difference in structure is due to the casting method, 

but also the heat treatment technology. Thus, the Zr phases may 

have an enhancing effect on the metal matrix of the studied 

AlSi9Cu1Mg alloy. After the heat treatment, at higher Zr contents, 

the large needle phases disintegrate into smaller plate phases. The 

work shows that the casting mold also affects the resulting 

properties. 

 

 

4. Conclusions 
 

Samples that were cast into the shell mold with the addition of 

Ti by 0.1 wt. % to an AlSi7Mg0.3 alloy with a constant Zr content 

of about 0.20 wt. % have a higher hardness than the samples cast 

into the metal mold. After heat treatment, the increase in hardness 

was 30%. The tensile strength test was done according to standard 

AC121 for both sample types. Ductility increased by 1% in shell 

and 4% in metal molds. In the structure, the zirconium phases were 

much more clear in shell form. The casting from the metal mold 

presents a larger number of small Zr phases. Corresponding results 

indicate the possibility of developing a more sophisticated alloy 

that would be able to better withstand changes during working 

condition, especially in internal combustion engines. 
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