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The effect of Zr was assessed on changes in the mechanical properties of the alloy under investigation by the 

addition of Zr with a graduated increase by 0.05 wt. % Zr. Experimental samples were cast into ceramic molds, 

half of which were hardened by precipitation after casting. The measured values indicate an improvement in the 

mechanical properties, especially in experimental alloys containing Zr ≥ 0.20 wt. %. In the evaluation of Rm, the 

most significant improvement occurred in the experimental alloy with the addition of Zr 0.25 wt. % after heat 

treatment and E in the experimental alloy with the addition of Zr 0.20 wt. % after heat treatment, as well. The 

effect of Zr in the AlSi9Cu1Mg alloy investigated was also analyzed for porosity. It can be concluded that the 

addition of Zr into alloys is manifested by an increase in gassing of experimental alloys, especially in variants 

containing Zr ≥ 0.15 wt. %. At a higher Zr content there was a significant increase in the DI density index and 

pore size. For higher amounts of Zr ≥ 0.20 wt. %, long acicular phases with slightly cleaved morphology are visible 
in the metal matrix. Exclusion of the Zr phase nuclei with regard (also) to the change of exclusion temperature can 

cause capture of hydrogen bubbles (pockets) and thus increase the gassing rate. 
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 Introduction 

Al-Si alloys have experienced significant progress in 
the foundry industry, especially in the production of high-
precision castings. AlSi9Cu1Mg is also an important re-
presentative of such alloys. A higher Si content in the 
AlSi9Cu1Mg alloy positively affects properties, con-
traction, shrinkage, and also reduces the susceptibility to 
hot cracking. On the contrary, due to Mg and Cu content, 
Mg2Si and Al2Cu phases are excluded, allowing precipi-
tation hardening. The AlSi9Cu1Mg alloy is defined as 
sub-eutectic, preferably used for thin-walled castings, 
which can be subsequently welded and used at tempera-
tures around 200 °C. For the needs of the aerospace and 
automotive industries, there is a constant pressure, often 
triggering innovations in the materials originally used. 
One way of improving the properties of the original Al-
Si alloys is also by alloying with elements such as Mo, 
Cr, Ce, Ni or Zr. The aim is to improve the mechanical 
properties and heat resistance of the alloys, thereby incre-
asing the usability of Al castings for applications above 
250 °C. As a result, it is possible to produce Al castings 
with significant weight reduction, for higher thermal lo-
ads, or castings of more complicated structures and de-
signs. An important area of application, mainly utilising 
the above-mentioned properties, is for example for engine 
block castings, gearboxes, cylinder heads, etc. Here, the 
emphasis is on the ability to work at high performance 
while bearing high operating loads. The consequent 
savings in the form of a reduction in dimensions or an 
improvement in the environmental aspect (reduction of 
fuel consumption) are significant positives that increase 
the priority of the development of such treated alloys. The 
experimental part follows the work of the authors Von-
čina and Medved [1, 2] pointing to improvement of me-
chanical properties of hardenable alloys AlSi9Cu3 and 
AA2050 after alloying with Zr and Mo. The improvement 

in mechanical properties in the experiment is attributed to 
the effect of the excluded Zr phases. Zr is preferably ex-
cluded in the form of Al3Zr during the peritectic reaction, 
with a Zr content of ≥ 0.10 wt. %. Al3Zr is excluded in 
two significantly different crystallographic morpholo-
gies, either as a tetragonal DO23 system or a coherent me-
tastable system L12. The negative effect on Zr phase ex-
clusion and the efficiency of these phases is closely rela-
ted to the Mg and Cu content. Several works declare a 
visible exclusion of Zr phases with an addition of Zr ≥ 
0.08 wt. %. At the same time, a positive effect on mecha-
nical properties is reported, especially at a Zr content of 
0.15 wt. %. No Zr content higher than 0.15 wt. % mani-
fested any significantly positive effect Zr and its phases. 
The issue of the effect of Zr on increasing the gassing rate 
for the AlSi9Cu1Mg alloy and, overall, for the Al-Si sys-
tem is still not sufficiently investigated. Several works 
offer a partial explanation of the effect of Zr on increasing 
the gassing rate for alloys or pure metals, but these are 
ternary systems of Al, Mg or Zr alloys. Therefore, the 
work itself builds on the enrichment of knowledge in the 
issue. Possibilities of the effect of alloying additions such 
as Zr on mechanical properties or heat resistance of the 
AlSi9Cu1Mg alloy show the possibility of developing a 
more sophisticated alloy. There are possibilities to utilise 
such modified Al alloy in foundry industry also in the 
technology of investment casting. This enables to pro-
duce more complicated designs and operationally more 
resistant castings for the automotive and aviation in-
dustries. [1-11] 

 Experimental part 

The process of manufacturing the ceramic mold con-
sisted of gradual dipping of the waxy tree in the ceramic 
slurry followed by sprinkling with refractory (heat re-
sistant) grains (opening material). The ceramic mold con-
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sists of three basic layers ensuring the formation of con-
tact, insulation and reinforcing cover layers. The material 
composition of the individual cover layers is given in Ta-
ble 1. The STN EN 1706 standard does not define the mi-
nimum mechanical properties of the AlSi9Cu1Mg alloy 

for casting into ceramic molds. It is an alloy used exten-
sively for ingot casting, eventually for sand casting. Com-
parison of the measured results of the mechanical prope-
rties was made with the values for casting into sand 
molds. These are characterized by a similar heat dissipa-
tion, i.e. by similar crystallization.  

Tab. 1 Material composition of ceramics layers 

 1. Layer 2. Layer 3. Layer 4. Layer 5. Layer 

Binder 
Primcot cote 

plus 
SP-Ultra 2408 MatriXsol 30 MatriXsol 30 MatriXsol 30 

Grains Cerabed DS 60 Rancosil A 
Molochite  30-80 

DD 
Molochite  30-80 

DD 
Molochite  30-80 

DD 
 

 

a) 

 
b) 

Fig. 1 a. Ceramic mold after casting, b. Scheme of test-

ing sample  

The finished ceramic mold with an approximate thick-
ness of 3mm was fired (burned) at 750 °C for at least 1.5 
hours. The mold temperature was in the range of 510 to 
540 °C. The samples were cast at a rate of 0.3 kg/s from 
a casting height of 500 mm. The casting temperature was 
750 ± 10 °C. After casting, the ceramic mold was cooled 
in air for 1 hour. The AlSi9Cu1Mg primary alloy was de-
livered by the manufacturer in a pre-vaccinated and pre-
modified state (Tab. 2) 

The metallurgical process consisted in melting the 
AlSi9Cu1Mg primary alloy with the aim of producing the 
so-called reference alloy (without addition of Zr), and 
subsequent alloying it with AlZr15 foundry (master) al-
loy. Zr was added in graduated amounts by 0.05 wt. % Zr 
(from 0.05 wt. % to 0,30 wt. % Zr). During the experi-
ment, neither the reference alloy nor the experimental al-
loys were degassed throughout the melting process. The 
AlZr15 foundry alloy was characterized by impaired melt 
solubility, therefore the melt had to be preheated to a tem-
perature of 770 ± 10 °C. This led to the creation of con-
ditions for increasing the gassing by hydrogen and the 
emergence of porosity or other defects. After casting of 
experimental alloys with an addition of Zr from 0.00 wt. 
% to 0.30 wt. %, the process continued by precipitation 
hardening (curing) T6. TS was performed on 5 total of 10 
pieces of experimental samples (Fig. 1.) from each exper-
imental variant.

Tab. 2 Chemical composition of primary alloy AlSi9Cu1Mg 

Element Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti 
[wt. %] 8.04 0.13 0.65 0.07 0.39 - - 0.004 - 0.01 0.18 

2.1 Effect of Zr on mechanical properties  

Ten experimental samples were cast from each exper-
imental variant (Fig. 1.), half of which were heat treated 
by precipitation hardening (curing) T6. When evaluating 
Rm (STN EN 1706 – min.135 MPa), the highest tensile 
strength without heat treatment, namely 172 MPa, and 
260 MPa after heat treatment was achieved in experi-
mental samples with addition of Zr 0.25 wt. % (Fig. 2.). 
The best agreed yield strength Rp0.2 (STN EN 1706 – min. 
90 MPa) was achieved in samples without heat treatment 
(137 MPa) and after heat treatment 207 MPa in experi-
mental samples with addition of Zr 0.15 wt. % (Fig. 2.). 
The modulus of elasticity E (STN EN 1706 – min. 70 

GPa) in experimental samples without heat treatment 
manifests a gradually increasing characteristics up to the 
value of 0.15 wt. % Zr. This is followed by a decrease to 
62 and 61 GPa, and then there is a re-increase to 66.8 GPa 
noticeable only at the addition of 0.30 wt. % Zr. This is 
also the highest E value for samples without heat treat-
ment. For heat treated samples, the highest value of 81.8 
GPa was measured at the addition of Zr 0.20 wt. % (Fig. 
3.). When evaluating the ductility AM (STN EN 1706 – 
min. 1 %) (Fig. 3.), the best results for samples without 
heat treatment (2.0 %) and after heat treatment (3.2 %) 
were achieved in the reference sample. 
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Fig. 2 Dependence Rm a Rp0.2 before and after heat 

treatment 

 

Fig. 3 Dependence AM, E before and after heat tre-

atment 

 
When evaluating HBW hardness (STN EN 1706 – 

min. 60 HBS) of experimental alloys without heat treat-
ment, the highest value of 71 HBW was obtained in the 
variant with the addition of Zr 0.15 wt. % (Fig. 3.). Hard-
ness 95 HBW was obtained in heat treated samples of var-
iants with the addition of 0.05 wt. % Zr. Based on the 
measured values, already with Zr content ≥ 0.10 wt. % Zr 
has a reinforcing effect on the metal matrix of the 
AlSi9Cu1Mg alloy. Increasing Rm results in an 
AlSi9Cu1Mg alloy which is able to withstand, even when 
the functional cross-sections of the casting walls are nar-

rowed (for example engine blocks), at least the same op-
erating loads as in the case of casting walls with addi-
tional additions, because of ensuring the endurance after 
exposure to operating pressures 

 

Fig. 4 Dependence HBW before and after heat treatment 

 

To more precisely define the effect of Zr phases on 
the characteristics of the metal matrix and intermetallic 
phases of AlSi9Cu1Mg experimental alloys, microhard-
ness measurements were performed on variants with Zr 
additions of 0.20, 0.25 and 0.30 wt. % (Fig. 5.). Indeed, 
in the given variants, sufficiently large Zr phases were ex-
cluded, in which it was possible to measure the hardness 
without the risk of extrusion of the indentation beyond the 
evaluated Zr phase. The parameters of microhardness 
measurement are given in Table 3. The phases evaluated 
were preferably excluded in the form of acicular struc-
tures with a smooth surface and split ends (Fig. 5c.). The 
measurement was performed on an area prepared for 
metallographic evaluation. For detailed resolution and Zr 
phases, samples were etched by ferrous phase H2SO4 
etching agent. Observable Zr phases in microstructures 
are probably intermetallic phases of the Al3Zr type or 
AlSiZr type. Similar identification of Zr phases is de-
scribed also by Vončina in his work [1]. Preferably, how-
ever, Zr is excluded because of the smallest diffusion 
against the α matrix than Al3Zr, as confirmed by 
Mahmudi's work [4]. With increasing content of Zr, we 
observed suppression of Fe phases and/or their common 
exclusion in interaction with Zr phases (Fig. 5c.). 
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Fig. 5 Microstructure of experimental alloys AlSi9Cu1Mgbefore heat treatment a. 0.00 wt. % Zr, b. 0.20 wt. % Zr, c. 

0.25 wt. % Zr, d. 0.30 wt. % Zr, etchant H2SO4 

Tab. 3 Parameters of measuring microhardness Zr phases at experimental alloys AlSi9Cu1Mg  

Measuring device Hanemann typ Mod 32 Load time 10 sec 
Optical microscope Neophot 32 Eyepiece 15 
Load 5 p Temperature 15 oC 

Converter 8 Numbers of punctures 
2 punctures on phases, 10 
on sample 

 
Thanks to the evaluation of microhardness, it was pos-

sible to define the effect of Zr phases on the hardness in-
crease of the AlSi9Cu1Mg alloyed metal matrix under in-
vestigation. Unlike the macrohardness, which is evalu-
ated based on puncture focused over a larger area, the re-
sulting microhardness defines the real hardness of the 
structural component to be evaluated. On this basis it is 
then possible to define the effect of the individual alloy-
ing additions on the characteristics of the emerging inter-
metallic phases in the metal matrix. In this case, the aim 
was to determine the hardness of the Zr phase relative to 
the basic structural components such as α phase and eu-
tectic silicon. The measurement was carried out with 
Hanemann Mod 32 microhardness tester. The device uses 
the Vickers method, with the measuring body embedded 
in the front lens of the objective. The advantage of the 
hardness tester was the direct measurement of the created 
indentation. The calculation of the resulting microhard-
ness was performed by substituting the measured values 
into the relation (1). 

 𝐻𝑉𝑀 = 1854,4 .  𝑝𝐹2 ,  (1) 

Where:  
p  ... Load [N] 
F2 ... Length of diagonal [mm] 
 
The highest average microhardness 268 HVM 5 was 

measured in an alloy with the addition of Zr 0.20 wt. %. 
In contrast, the lowest average microhardness value of 
195 HVM 5 was measured in an alloy with the addition 
of Zr of 0.30 wt. %. The difference between the highest 
and lowest average microhardness values is almost 37 %. 
For an alloy with the addition of 0.25 wt. % microhard-
ness was achieved close to an alloy containing 0.20 wt. % 
Zr. As mentioned above, a strong interaction of Zr and Fe 
phases is observed at higher Zr contents. This may result 

in a decrease in the microhardness of the excluded Zr 
phases due to disruption of phase homogeneity or 
changes in the phase chemical composition. The idea 
builds on the measured microhardness values of the Zr 
phases in the variant with the addition of 0.20 wt. % Zr 
(Fig. 6.). The punctures 3, 4 and 5, 6 were carried out into 
the Zr phases where no interaction with the Fe phases oc-
curred, nor the exclusion of the Fe phases near the meas-
ured Zr phases. The remaining punctures were performed 
into the Zr phases that interacted with the Fe phases. After 
comparing the values of punctures into the Zr phases with 
and without interaction with Fe phases, the resulting dif-
ference between them is approximately 11 %. The aver-
age values of microhardness of Zr phases and basic struc-
tural components are given in Table 4. 

 
Fig. 6 Microhardness values of experimental alloy 

AlSi9Cu1Mg with addition 0.20 wt. % Zr 

Tab. 4 Average values of microhardness HVM 5 of 

structural components experimental alloy AlSi9Cu1Mg  

Addition Zr [wt. %] 0.20 0.25 0.30 
α [HVM 5] 145.37 156.34 119.66 
E [HVM 5] 199.12 202.58 143.05 
Zr – phase [HVM 5] 268.18 264.22 195.32 
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2.2 Effect of Zr on porosity 

Due to the deliberate absence of degassing of experi-
mental AlSi9Cu1Mg alloys, it was possible to observe a 
sharp increase in the density index (DI) with increasing 
Zr content in the alloy. The resulting mechanical proper-
ties of Al alloys are closely related to the solubility rate 
of hydrogen in the melt. The most significant increase in 
the DI density index is observed for variants with a Zr 
content > 0.10 wt. % (Fig. 7.). The absence of melt de-
gassing and the alloying process contributed significantly 
to the gassing increase in AlSi9Cu1Mg experimental al-
loys. The DI density index increase is already observed in 
the experimental alloy with the addition of Zr 0.05 wt. % 
where the DI density index is 14.5 %. This represents an 
increase by 32 % over the reference alloy, which reached 
a DI density index of 11 %. A sharp increase occurs in 
alloys at a Zr content from ≥ 0.15 wt. % up to 0.25 wt. %, 
where the DI density index ranges from 17 to 19 %. This 
represents a 57 to 80 % increase over the reference alloy. 
With the given the Zr contents, large Zr phases are ex-
cluded, as can be seen in Figure 5. In the macrostructural 
evaluation of the porosity of individual experimental 
samples (Fig. 8.), the samples with the addition of Zr 0.20 
wt. % and 0.25 wt. % (Fig. 8c. and 8d.) manifested exclu-
sion of hydrogen in the form of larger pores than in the 
reference samples or samples with added 0.10 wt. % Zr 
(Fig. 5a. and 5b.). The total area of the pores formed on 
the observed macrostructure surface was 2.08 % for ex-
perimental alloys with the addition of 0.20 wt. % Zr, and 
in the variant with 0.25 wt. % Zr the total area was 2.04 

%. This represents an increase by approximately 0.5 % 
over the reference sample. Compared to an alloy with the 
addition of 0.10 wt. % Zr it represents an increase by 30 
%. At the same time, as can be seen for alloys with the 
addition of 0.20 to 0.25 wt. % Zr (Fig. 8c. and 8d.), the 
formation can be observed of larger pores than that of the 
reference alloy (Fig. 8a.). It can be concluded that the ad-
dition of Zr promotes an increase in gassing in the 
AlSi9Cu1Mg alloy. Hydrogen bubble entrapment may 
also be associated with the shape of the excluded Zr 
phases. Larger phases can act as "catchers" of excluded 
hydrogen bubbles. The Zr phases are already excluded at 
630 °C, where the formation of germs could trap excluded 
hydrogen bubbles. 

 

Fig. 7 Dependence of DI density index on Zr concentra-

tion in AlSi9Cu1Mg alloys 

 

Fig. 8 Macrostructure of AlSi9Cu1Mg a. 0.00 wt. % Zr, b. 0.10 wt. % Zr, c. 0.20 wt. % Zr, d. 0.25 wt. % Zr and analyti-

cal evaluation of total pore area using Quick photo Industry software a´. 0.00 wt. % Zr, b´. 0.10 wt. % Zr, c´. 0.20 wt. 
% Zr, d´. 0.25 wt. % Zr 

 
When observing the cooling curves (Fig. 9.) of the 

evaluated experimental alloys, the exclusion changes oc-
cur mainly of Zr and α phases. Table 5. clearly shows that 
up to 0.10 wt. % Zr added, the exclusion temperatures of 

the α phase and eutectics are stable. The Zr phase is ex-
cluded at 630 °C with Zr 0.10 wt. % added. The change 
occurs when Zr 0.25 wt. % and 0.30 wt. % are added. The 
exclusion of Zr phases at given contents shifted from 630 
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°C to 619 °C. The α phase exclusion shifted to a temper-
ature of 621 °C, representing an increase by 5 °C over the 
reference alloy. From the above, it can be concluded that 
the effect of Zr on the exclusion temperatures of individ-
ual structural components in the experimental 
AlSi9Cu1Mg alloy is significant. Similar conclusions 
have been confirmed by Hermandez-Sandoval's work [9]. 
The assumption of Zr phase exclusion at given tempera-
tures is based on the results of microstructure evaluation, 

where the occurrence of individual Zr phases was con-
firmed (Fig. 5.). For experimental alloys with the addition 
of Zr from 0.20 wt. % to 0.30 wt. %, there is a higher 
degree of supercooling than in experimental alloys with 
the addition of Zr 0.05 wt. % and 0.10 wt. %. A higher 
degree of hypothermia represents the exclusion of a large 
number of Zr phases of larger dimensions. On this basis, 
hydrogen bubbles may be trapped during Zr phase germ 
exclusion. [8, 9] 

 

Fig. 9 Graphs of cooling curves of experimental alloys AlSi9Cu1Mg with graded amount of Zr  

Tab. 5 Base phase deposition temperatures for individual AlSi9Cu1Mg experimental alloys 

Variant 0.00 wt. % 0.05 wt. % 0.10 wt. % 0.20 wt. % 0.25 wt. % 0.30 wt. % 
α phase (oC) 616 618 618 616 620 621 
Eutectic Al-Si (oC) 565 564 564 561 564 564 
Zr phase (oC) - 630 630 623 619 619 

 Evaluation  

The increase in the mechanical properties values oc-
curs mainly in experimental alloys with the addition of Zr 
0.20 wt. % and 0.25 wt. %. Comparison of mechanical 
properties of experimental samples cast into ceramic 
molds with STN EN 1706 standard for samples cast in 
sand found significantly higher values. The improvement 
of Rm and Rp0.2 in reference alloys without heat treatment 
is by approximately 35 % compared to STN EN 1706. 
After alloying the Zr alloy, these values increased by 
about 15 %. Improvement also occurs in AM, where there 
is an increase by up to 90 %. In terms of HBW hardness, 
the improvement is in the range of 13 to 20 %. After the 
T6 precipitation curing heat treatment, the mechanical 
properties of the experimental alloys reached values close 
to those when cast into metal molds. Even when Zr 0.10 
wt. % is added, Zr phase exclusion can be observed. Es-
pecially at higher contents of Zr ≥ 0.20 wt. % Zr phases 
are excluded in the form of large smooth acicular needles 
intersecting the α phases and the eutectic. By eliminating 
the Zr phases, there is a noticeable slight increase in Rm. 
Thus, the Zr phases may have a reinforcing effect on the 
metal matrix of the AlSi9Cu1Mg alloy under investiga-
tion. After heat treatment, at higher Zr contents, large 
acicular phases break down into smaller plate-like phases. 
By breaking down into smaller plate-like phases, the E 
value increased by approximately 3 % compared to the 
experimental variant with an addition of 0.15 wt. % Zr 
and 6 % compared to the reference alloy (without Zr ad-
dition). Based on the measured results, the metal matrix 
of the experimental AlSi9Cu1Mg alloy is strengthened by 
the Zr phase breakdown into smaller plate-like phases. 
The hardness of the excluded Zr phases reaches values in 

the range of 200 to 260 HVM 5. In particular, the experi-
mental variants containing 0.20 wt. % Zr achieve an av-
erage microhardness of Zr phases of about 268 HVM 5. 
A decrease in microhardness was observed mainly in 
those Zr phases in which there was an interaction with Fe 
phases. Thus, the Fe phases may have a negative effect 
on reducing the hardness of the individual Zr phases ex-
cluded. The measured hardness of the Zr phases is at the 
interface of the hardness of phases such as Al4Ca and 
Al6CuMg4. Based on structural analyzes it can be con-
cluded that Zr acts as a corrector in suppressing the neg-
ative effect of Fe phases, i.e. it affects the morphology of 
Fe particles. Increasing the amount of skeletal formations 
or clusters of Zr and Fe phases influences mechanical 
properties. When evaluating the gassing of experimental 
alloys with hydrogen, a higher gassing rate was found for 
alloyed alloys. For experimental variants with a Zr con-
tent > 0.10 wt. % there was a sharp increase in the DI 
density index (Fig. 7.). The worst results were achieved 
in variants with the additions of 0.15 wt. % and 0.25 wt. 
% Zr (Fig. 4.). When evaluating the metallographic sam-
ple macrostructure, an increased concentration of larger 
pores was observed than in the reference alloy and the 
variant with 0.10 wt. % Zr added. With a theoretical area 
of 100 mm2, a 0.5 % increase would represent an area of 
5 mm2. Also interesting is the change in the cooling curve 
with a significant degree of supercooling during the Zr 
phase exclusion. For experimental alloys with Zr ≥ 0.20 
wt. % addition with a significant degree of supercooling 
during the Zr phase exclusion, there was a sharp increase 
in the DI density index. Zr can increase the gassing rate 
either in the form of a hydrogen solubility enhancing ele-
ment in the experimental alloy, or the excluded Zr phase 
nuclei trap the excluded hydrogen bubbles above the Zr 
content ≥ 0.10 wt.%.  
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 Conclusion 

It can be concluded that the addition of Zr to the alloy 
under investigation significantly affects the mechanical 
properties of the alloy. Hardness and microhardness val-
ues were closely related to the formation of Zr phases in 
interaction with Fe phases. Zr acted as a corrector in the 
AlSi9Ci1Mg alloy, i. e. it influenced the morphology of 
acicular iron phases. When evaluating the gassing, the ex-
perimental alloys with a higher content of Zr ≥ 0.15 wt. 
% reached a higher DI density index. On this basis, it is 
believed that Zr increases the gassing rate and contributes 
to the formation of porosity in the castings. Positive is 
achievement of mechanical properties after casting into 
ceramic molds, which are close to values of samples cast 
into metal molds for and after heat treatment defined by 
STN EN 1706. 

Acknowledgement 

The article was created within the project of the grant 

agency VEGA 1/0494/17. The authors thank the Agency 

for their support. Thanks also to Alucast s.r.o. and Ne-

mak Slovakia s.r.o for the technical coverage of experi-

ments. 

Reference 

 VONČINA, M., MEDVED, J., KORES, S., XIE, 
P., CZIEGLER, A., SCHUMACHER, P., (2018). 
Effect of molybdenum an zirconium on 
aluminium casting alloys, Livarski Vestnik,  68-78. 

 MEDVED, J., KORES, M. V. S., (2018). 
Development of innovative Al-Si-Mn-Mg alloys 
with hight mechanical properties, The Minerals, 

Metals & Materials Society 2018, 373-380. DOI 
10.1007/978-3-319-72284-9_50. 

 TSIVOILAS, D., ROBSON, J. D. (2015). 
Heterogeneous Zr solute segregation and Al3Zr 
dispersoid distributions in Al-Cu-Li alloys, 
Science direct, pp. 73-86. 

 MAHMUDI, R., SEPEHRBAND, P., GHASEMI, 
H. M., (2006). Improve properties of A319 
aluminium casting alloy modified with Zr, 
Materials Letters, pp. 2606-2610., .DOI 10.1016, 

 SEPEHRBAND, P., MAHMUDI, R., 
KHOMAMIZADEH, F., (2004). Effect of Zr 
addition on the aging behavior of A319 aluminium 
cast alloy, Scripta Materialia, 253-257., DOI: 
10.1016, 

 BOLIBRUCHOVÁ, D. PASTIRČÁK, R. (2018). 
Foundry metallurgie of non-ferrous metals, 
Žilina: EDIS - ŽU UNIZA. 

 U. N. R. LABORATORY, (2016). The Al3Zr 

(DO23) structure. „http://aflowlib.duke.edu,“ U.S. 
Naval research laboratory, 17 02 2016,  from  
http:// 
aflowlib.duke.edu/users/egossett/lattice/struk/d0_
23.html. 

 KUCHAŘ, L., DRÁPALA, J. (2006). Binary 

systems of aluminium - mixture and their 

importance for metallurgy, Ostrava: VŠB- TU 
Ostrava, 203. 

 HERMANDEZ-SANDOVAL, J., SAMUEL, A. 
M., VATIERRA, F. H., (2016). Thermal analysis 
for detection of Zr-rich phases in Al-Si-Cu-Mg 
354-type alloys, Journal of metalcasting, ISSN 
1939-5981. 

 TILLOVA, E. CHALUPOVA, M., (2009). 
Structural analysis of Al-Si alloys, Žilina: EDIS-
ŽU UNIZA. 

 BOLIBRUCHOVA, D., HAJDUCH, P., BRUNA, 
M., (2018) Influence of molybdenum, zircon and 
copper on structure of aluminum alloy 
AlSi10Mg(Cu), Manufacturing technology, vol. 
18, No. 5, pp. 709-718. 

 
 
10.21062/ujep/333.2019/a/1213-2489/MT/19/4/552 

Copyright © 2019. Published by Manufacturing Technology. All rights reserved.  

  


