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Influence of alloying parameters on the structure and
properties of AK-6 aluminium alloy

Aleksandr Filatov *~

This work is devoted to the study of the effect of zirconium addition and crystallization rate on the structure
and properties of industrial aluminium alloys. Experimental alloying of the AKé alloy was performed. The
required amount of Al-Zr-10 alloy (10 wt. % Zr) was added at a temperature of 200 °C until the zirconium
content in the target alloy reached O.I; 0.3; 0.5 wt. %. According to the results of scanning electron
microscopy and X-ray diffraction analysis, the main proportion of zirconium in the initial alloy was
represented by intermetallic compounds of predominantly AlzZr composition and sizes from 5 to 50 um.
Values of microhardness measured after direct alloying of high-purity aluminum with zirconium by the
electrolysis of oxide-fluoride melts demonstrate that at a zirconium content of 0.4 wt. %, the microhardness
of the alloy increases by 1.5 times and continues to grow as the zirconium content increases. Based on the
results of structural analysis, it was found that the average grain size of the aluminium alloy decreased by
4-5 times even at a Zr content of 0.1 wt. %. When studying the properties of the obtained samples, it was
found that the addition of zirconium to the AKé alloy does not affect its hardness, in contrast to high-purity
aluminium, which is presumably due to the more pronounced influence of other components and the
absence of an additive effect of zirconium on the alloy hardness. Accelerated cooling of the alloy to 103 K/s
without zirconium additives has a similar effect of grain reduction, and also increases the microhardness of
the alloy by 10 HB according to Brinell. A study of the combined effect of zirconium addition and accelerated
cooling shows the additive effect of grinding by more than 25 times, while individual grains do not exceed
5 microns in size. The absence of intermetallic compounds in the obtained samples of the AKé alloy after
modification with the Al-Zr alloy indicates that the phase composition of the initial Al-Zr alloy does not
affect the properties of the target alloys.
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1. Introduction

(http://creativecommons.org/licenses/by/4.0/).

aluminium-zirconium alloys is the presence of
intermetallic compounds of variable composition and size

Currently, the demand for aluminium is significantly
increasing, and the requirements for multicomponent
aluminium-based alloys and materials are becoming
stricter [I-4]. Aluminium alloys with zirconium additives
are mainly used in aircraft construction and power
generation [5-7], since the Zr content in aluminium alloys
within 0.2 wt. % significantly improves the technological
characteristics of the alloy, without changing the density
and electrical conductivity [8,9]. The most common
method of producing these alloys is their dissolution in
the aluminium base [lO,1ll. The main feature of
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[12-16], which is not acceptable in industrial alloys.
Therefore, the question of the influence of the phase
composition of the feedstock on the structure and
properties of the target industrial alloys arises [I7]. In
addition to alloying, the thermophysical parameters of
the casting process or heat treatment of finished products
also have a significant impact on the structure of metals
[18]. Since the scientific and technical literature has very
limited data on the combined effect of zirconium addition
and crystallization rate on the structure and properties of
industrial aluminum alloys, the study of this issue is
relevant. In this work, the influence of the zirconium
content and crystallization rate on the structure and
properties of industrial aluminum alloys was studied.
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2. Experimental

The influence of the alloying process was studied
using the example of the Al-Si-Fe (AKé) alloy
modification (LLC "METALLURGICAL INDUSTRY").
The elemental composition of the AKé alloy is presented
in Table 1.

The initial Al-Zr master-alloy was obtained by the
experimental method of molten oxide-fluoride mixtures
electrolysis. A batch of alloys with a zirconium content of
0. to 2wt.% and AIl-Zr master alloy ingots with
zirconium content ranging from 2 to 10 wt. % were
obtained by the electrolysis of oxide-fluoride melts. The
alloy modification was carried out in a high-temperature
chamber electric furnace PVK-.4 25. The graphite
crucibles with alloy ingots were placed in a furnace and
heated to 900 °C, after which the required amount of
Al-Zr alloy was added. The alloy was exposed for
10 minutes at 900 °C, after which it was stirred with a
graphite stirrer, and a part of the alloy was poured into a
rapid quenching unit and the rest into a graphite mold.

Figure 1 shows a rapid quenching installation, which
is a slot mold rotating at speeds of up to 3000 rpm. The
installation consists of two cooling copper disks with a gap
between them and a graphite supercharger, which ensures
uniform filling of the space between the disks. After
complete cooling, the resulting alloy samples were
removed from the installation and analyzed for elemental
and phase compositions, as well as for microstructural
peculiarities. To determine the microstructure and
estimate the grain size, the resulting alloys were split into
thin sections using cutting and grinding equipment
(Struers, Denmark); then the surfaces of the samples were
etched in a 10 % aqueous solution of hydrofluoric acid
and studied on a Quanta-200 scanning electron
microscope (BSE sensor) with an EDAX attachment and
optical microscope Neophot-21 (FET Company, USA). An
optical microscope was chosen to analyze the alloy surface
after etching in more detail. The volume fraction of phases
and the size of intermetallic inclusions were determined
by the standardized methods of quantitative analysis
using computer programs in the Siams-700 metallurgical
complex. The macrostructure was studied using a
Micromed MC2 Zoom 2CR binocular microscope
(Micromed Company, Russia). The hardness of the
samples was measured on a TSh-2m hardness tester
(Ziptest Company, Russia) following the Certification
system GOST 9012-59 according to the Brinell scale at a
load of 2500N and a ball diameter of 5 mm. The phase
and elemental composition of the resulting alloys was
determined by the X-ray diffraction analysis using a
Rigaku D/MAX-2200VL/PC diffractometer (Rigaku,
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Table 1 - Composition of the studied AKé alloy (wt. %).

Components Content Components Content
Fe 0.7 Al 93.3-96.7
Si 0.7-1.2 Cu 1.8- 2.6
Mn 0.4-0.8 Mg 0.4-0.8
Ni 0. In 0.3
Ti 0. Rest Total O.1

Figure 1 Scheme of the rapid quenching installation: 1 - graphite
supercharger; 2 - pressure disk; 3 - upper cooling disk;
4 - lower cooling disk; 5 - external sealing ring; 6 — electric
motor flange.

Japan) and the atomic emission method with inductively
coupled plasma using an iCAP 6300 Duo spectrometer (Thermo
scientific, USA) respectively.

3. Results and discussion

A typical microphotograph of a thin section of the
Al-Zr-10 alloy (10 wt. % Zr) is presented in Figure 2.

containing

alloy

Figure2 Microphotograph of Al-Zr
10 wt. % Zr.
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Figure 3 Diffraction pattern of the AI-Zr alloy containing
10 wt. % Zr.

According to the obtained microphotographs and
the results of X-ray diffraction analysis (Figure 3), the
main proportion of zirconium in the alloy is contained in
the form of intermetallic compounds predominantly of
the AlzZr composition ranging in size from 5 to
50 microns.

The obtained values of microhardness measurements
during direct alloying of high-purity aluminium with
zirconium by the electrolysis of oxide-fluoride melts
elucidate that at a zirconium content of 0.4 wt. %, the
microhardness of the alloy increases by 1.5 times and it
continues to grow as the zirconium content increases [9].

To study the effect of zirconium additives on the
structure and properties of industrial aluminum alloys,
the ingots of AKé alloys with the following zirconium
concentrations 0.1, 0.3 and 0.5 wt. % were obtained at
normal cooling rate.

Figure 4 shows the results of the X-ray diffraction
analysis of the obtained AKé alloys without the addition
of zirconium and with a zirconium content of O.1 wt. %. It
is clearly seen that after alloying the target alloy does not
contain any intermetallic compounds that were present in
the original alloy, which is consistent with the phase
diagrams of the Al-Zr system.

A study of the macrostructure of the obtained samples
showed that the effect of grain refinement of the
aluminum alloy occurs at a zirconium content of 0.1 wt. %
(Figure 5), which is consistent with literature data on the
effect of zirconium additives on the structure of aluminum
alloys [9]. Table 2 shows the calculation results of changes
in the average grain size of the AKé alloy depending on
the zirconium content using the Siams-700 program.
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The calculation results show a decrease in the average
grain size by 4-5 times at a zirconium content in the alloy
of 0.1 wt. %, while a further increase in the zirconium
content does not affect the structure of the alloy.
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Figure 4 Diffraction pattern of the AKé alloy with the
zirconium content of O and O.1 wt. %.

Figure 5 Photographs of the AKé alloy without the addition of
zirconium and with a zirconium content of 0.1 wt. %, obtained
by optical microscopy.
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Table 2 - Measured AKé alloy properties depending on
zirconium content.

Sample wt.% Zr Hardness HB Grain size, microns
1 0 65.5 1195
2 0. 65.9 239
3 0.3 66.8 256
4 0.5 68.8 225

A study of the macro and microstructure of the
resulting alloys shows that the increasing cooling rate
refines multiple the grain times without the addition of
zirconium to the AKé alloy (Figures 6 and 7), while the
photographs also show that there are no intermetallic
inclusions present in the original alloy. Due to the
different cooling rates over the installation area, a visible
increase in the grain size at the macro level is observed in
the obtained samples from the center to the periphery of
the disk (Figure 8). The measured values of the hardness
of the obtained samples demonstrate an increase in the
microhardness of the alloy by 10 HB according to Brinell.

The combination of zirconium alloying and
accelerated cooling was found to result in a multiple, more
than 25-fold (Table 3), decrease in the average grain size,
with the minimum size of individual grains reaching 5 um.
These facts indicate the additivity of these effects.

To study the combined effect of zirconium addition
and crystallization rate on the structure and properties of
the alloys, AKé alloy disks with a diameter of 80 and a
thickness of 2 mm, with the zirconium content of 0.1, 0.3,
0.5 wt. % were produced by centrifugal casting at a
cooling rate of 103 K/s.

obtained at different cooling rates: 1- standard; 2 -103 K/s,
obtained by optical microscopy.
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Figure 7 Microphotographs of the AKé alloy without zirconium
additives, obtained at different cooling rates: 1- standard;
2-103K/s.

Figure 8 Microphotograph of the AKé alloy with a Zr content
of 0.5 wt. %, obtained at a cooling rate of 103 K/s.

Table 3 - Properties of AKé alloys with different zirconium
contents after quenching.

Sample wt.% Zr Hardness, HB  Grain size, microns
| 0] 77.6 170
2 0.l 77.9 116
3 0.3 77.8 63
4 0.5 77.3 36
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The obtained results bring us to the following
conclusions:

- industrial alloys can be alloyed with appropriate
zirconium-based alloys without additional processing,
since the properties of the target product do not depend
on the phase composition of the original alloying raw
material;

- the addition of O. wt. % zirconium to industrial
alloys reduces the grain size but does not affect the
hardness of the alloys due to the more pronounced
influence of other components and the absence of an
additive effect of zirconium on the hardness of the alloy;

- accelerated cooling refines the grain even without
adding zirconium to the alloy and also increases the
hardness of the alloy by 10 HB according to the Brinell
scale;

- the combined use of zirconium alloying and
accelerated cooling refines the grain by more than
25 times when the minimum size of individual grains
reaches 5 microns, indicating the additivity of these
effects.

Based on the results obtained, as well as on the
scientific and technical literature data [I12-20], it can be
assumed that the addition of zirconium and the cooling
rate have a similar effect on the structure and properties
of other multicomponent aluminium alloys.

4., Conclusions

In this work, the influence of zirconium content and
crystallization rate on the structure and properties of
AK-6 aluminum-based industrial alloy was studied. The
tests were carried out using the example of alloying the
AKé alloy by adding the required amount of Al-Zr-10
alloy (10 wt. % Zr) to obtain a series of samples containing
0.1,0.3and 0.5 wt. % Zr. Based on the results of structural
analysis, it was found that a decrease in the average grain
size of the aluminium alloy by 4-5 times was observed
even at a Zr content of O.I wt. %. When studying the
properties of the obtained samples, it was found that the
addition of zirconium to the AKé alloy does not affect its
hardness, in contrast to high-purity aluminum, which is
presumably due to the more pronounced influence of
other components and the absence of an additive effect of
zirconium on the hardness of the alloy. Accelerated
cooling of the alloy to 103 K/s without zirconium additives
has a similar effect of the grain reduction and also
increases the microhardness of the alloy by 10 HB
according to the Brinell scale. A study of the combined
effect of accelerated cooling and zirconium addition
shows an additive synergistic (nonlinear) effect of
reducing the grain size by more than 25 times, while
individual grains do not exceed 5 microns in size, however,
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to clarify, it is necessary to study the effect of a larger
number of cooling rates and zirconium contents.
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