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Abstract

The paper determines the influence of presence of various manganese content (0.2; 0.4 and 0.6 wt%) on the
course of the crystallisation process, mechanical properties and structure of alloy AISi10Mg. Recycled
secondary materials with elevated content of iron were used to prepare the cast of this silumin. It was found
that about 0.6 wt% of Mn causes the disappearance of the adverse, brittle phase 3-AlsFeSi in favour of phase
a-Alis(FeMn)sSiz, which crystallises in the form of evenly distributed in the metallic matrix of solution a (Al) with
concentrated precipitations sized approximately 7-8 uym. The change of the adverse morphology of brittle
eutectics containing Fe causes a slight increase of mechanical properties without the decrease of plasticity of
alloys Al-Si-Mg-Mn used mainly as gravity die casting or pressure die casting. Manganese is therefore a
“morphological corrector” of phase B in favour of privileged precipitations of a-Alis(FeMn)sSiz. Taking into
account the economic aspects and ecological conditions it seems reasonable to apply manganese in order to
increase the presence of secondary Al alloys rather than the primary elements.
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1. INTRODUCTION

Casting alloys Al-Si-Mg are applied in many sectors of the industry due to their very good mechanical and
casting properties. Small thermal expansion, good corrosion resistance and relative strength cause that those
alloys are valuable materials in preparation of the gravity die casting or pressure die casting which are thin-
walled and with complex geometry. Therefore, those alloys are popular construction material in production of
various parts which are under the influence of big or changeable thermodynamic loads, i.e. in automotive
industry or aviation industry [1-6].

Due to high prices of electricity, growing costs of environmental protection and decreasing amounts of
resources of bauxites the dynamics of production of primary Al has significantly decreased [7,8]. Therefore, it
is more and more important to meet the demand for Al alloys with the use of recycled materials which is at
present a significant amount of overall consumption in Europe and in the world with a constantly upward trend
[8-10].

In order to meet the requirements of chemical composition and to provide good deformability of structural
castings the alloys need to possess normative content of inclusions and gas impurities. In casting Al alloys,
the chemical element which significantly lowers the mechanical properties such as elongation or impact
strength and impedes the machinability of castings, is mainly iron [11-15]. The factors which are responsible
for excessive brittleness of Al alloys and their reduced susceptibility to plastic processing are mainly
precipitations of brittle intermetallic phases B-AlsFeSi and «+-AlsFe2Si which are similar in shape to “Chinese
handwriting” [16-18]. Such phases in casting condition crystallise in the form of plates of needles with sharp
edges and corners and cause propagation of micro-crackings and concentration of tension. Moreover, in alloys
Al-Si-Mg there is a probability of formation of phase B-AloFe2Si with prismatic structure and ternary meta-stable
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phases B-AlsFeSi (25.4%Fe and 25.5%Si) and B-AlsFeSi (33.9% Fe and 16.9% Si), which coagulate in case
of lack of thermodynamic equilibrium [19, 20]. In those alloys with addition of metals (Mo, Cr, W and V) with
content up to about 0.01 wt% an intermetallic phase an-AlsFe2Si can form with hexagonal structure and in case
of higher content of the mentioned elements a phase o1-AlsFe2Si with general stoichiometric formula
Alx(FeMn)ySiz can crystallise, where: x = 12; 15; 19, y = 3; 5, z = 1; 2; 3 [21-23].

The literature describes various methods of preventing crystallisation of harmful phase type 3, which can be
achieved by influencing the coagulation process of alloys Al-Si-Mg [24-26] or by adding Cr and Co which are
phase elements of AlzCr; Al13CrFesSis and AlgCo2 [27-29].

Some papers [30-33] show that manganese is the chemical element which neutralises the negative influence
of Fe in alloys of Al type. It was found that from 0.1 to 0.4 wt% of Mn dissolves in the solid solution of a(Al)
which causes its strengthening and increase of fatigue strength, whereas the highest content of Mn (0.5-0.6
wt%) is mainly aimed at decreasing the negative influence of Fe on the machinability of the castings
[23,30,32,34]. The authors of those papers suggest that manganese combines with Fe and forms AlFeMnSi
compounds which crystallise in the form of precipitations with complex shapes. For example, the intermetallic
phases Alis(FeMn)sSiz and Ali2(FeMn)sSiz and multi-component eutectic a+Al(FeMn)Si which includes
intermetallic phase AligFesMnSiz considered as isomorphic with phase Al2oFesSiz.lt is assumed that in those
phases the manganese atoms take the positions of Fe atoms [23,32,35].

The aim of this paper was to test the influence of various content of manganese on the crystallisation process,
structure and mechanical properties of secondary silumins AlSiioMg with elevated content of Fe and to
compare them with alloy achieved from primary elements. The aim therefore assumed the determination of
characteristic crystallisation temperatures of phase elements and identification of main intermetallic phases
which are present in tested alloys.

In order to complete the aims of the paper the range of tests included inter alia:

° analysis of crystallisation process of alloys with the use of Thermal Derivative Analysis (TDA - Polish
abbreviation ATD),

° assessment of mechanical properties (HB, Rm, Rp, A),

° influence of Mn on the type and morphology of intermetallic phases of tested alloys.

2, MATERIAL AND METHODOLOGY OF TESTS

In order to test the influence of manganese addition on the mechanical properties there was an alloy AlSi10Mg
(alloy No. 1) chosen and 0.2 wt% of Mn was added to it (alloy No.2), next one (alloy No.3) had 0.4 wt% Mn
added and (alloy No.4) had 0.6 wt% added. Alloy No. 1 was prepared from primary materials which were:
aluminium type 3N8 (99.98 % Al), silicon metal type 2202 (maximum wt% of impurities) and magnesium in the
form of key metal with high purity. Alloys 2-4 were smelted from secondary elements and secondary foundry
alloys. The alloy AlMnso was used as manganese carrier. A foundry alloy AlSi1sSrg in the form of rods was
used for modification. Every time the content of Sr in the alloy equalled 0.01-0.02 wt%.

The choice of alloy was justified with the wide application in industry, especially in transport, for example for
pressure castings and gravity castings of elements of engines and structural elements of panelling of motor-
car bodies.

Alloys were smelted in induction vacuum furnace VSG 02 Balzers in melting pot with capacity of 0.25 litre in
argon atmosphere. Casting temperature equalled 740-750 °C. One part of the casting was casted to tester
ATD-QC 4080 Heraeus Elektro-Nite (cooling temperature 30 °C-min-"), Sand the second part to casting die
made of copper in room temperature. Achieved castings served as material for chemical composition analysis,
tests of mechanical and structural properties. The TDA (thermal derivative analysis - ATD) was conducted with
temperature recorder Crystaldigraph NT3-8K, which meets the requirements of norms EN61010 and EN60584

1231



JEV. w o
ME 1AL

2019 May 22" - 24t 2019, Brno, Czech Republic, EU

in terms of industrial measurements with shell-form thermocouples NiCr-NiAl (type K). Program Analdta was
used to visualise the crystallisation curves. After casting there was heat treatment applied to reach the
condition of T6.

Static tension test was conducted in room temperature in accordance with norm EN ISO 6892-1 on device
Instron 3382, with the use of ratio 20:1 and constant tension speed of 5 mm-min-1. There was resistance to
tension (Rm) determined in test together with conventional yield point (Rp) and percentage of elongation after
failure of test piece (A). Hardness measurement with the use of Brinell method was conducted on Zwick
ZHF1device with load strength of 250 N using steel sphere with diameter of 5 mm in time of 35 s. There were
10 measurements made with exclusion of 2 extreme ones, and out of the remaining there was arithmetic mean
calculated.

Metallographic tests were conducted on light microscope MeF-2 Reichert. X-ray microanalysis was conducted
on scanning microscope Hitachi S-4200 coupled with x-ray spectrometer EDS Voyager, equipped with detector
of secondary electrons SE and backscattered electrons BSE.

Analysis of chemical composition and surface distribution of chemical elements was conducted with the use
of s-ray microanalysis with energy dispersion EDS on detector Thermo Noran. X-ray tests were conducted
with the use of diffractometer X" Pert Philips, with the use of lamp ACuKa - 0.154178 nm, powered with current
of 30 mA by 40 kV. Registration was performed with the use of step-scanning method every 0.04° and time of
counting of 10 seconds in the angle range 26 from 20° to 140°. There were Soller slits applied of 0.04 mm.

3. RESULTS OF TESTS

Results of chemical composition analysis of tested alloys are presented in Table 1.

Table 1 Results of chemical composition analysis of tested alloys' (Al - remainder) [own study]

No. of Name Content of elements (wt%)

alloy of alloy Si Fe | Mg | Mn | cu Ti Sr other?
1 AISi10Mg 10.22 0.13 0.91 - 0.02 0.03 0.011 0.05
2 AISi10Mg+0.2%Mn 9.92 0.57 0.89 0.19 0.01 0.04 0.017 0.03
3 AISi10Mg+0.2%Mn 10.17 0.59 0.98 0.38 0.01 0.03 0.011 0.04
4 AISi10Mg+0.2%Mn 10.11 0.50 0.95 0.59 0.01 0.03 0.014 0.04

where: 'results are arithmetic mean of 10 measurements, 2sum of the remaining elements and impurities

Thermal derivative analysis was conducted in order to test the influence of various amounts of Mn on the
course of crystallisation of tested alloys. With application of standard coefficients of smoothing for temperature
curve in time (TA) and its first derivative (ATD) there were the following temperatures marked: Tiq.; Temin.; TE;
Temg); Tevny and Tsol. Diagram of ATD for alloy AlSi1oMg without Mn addition is shown in Figure 1. Due to the
fact it was stated that addition of Mn does not significantly influence the course of curved TA and ATD below
temperature Tk, Figure 2 shows only a fragment of ATD diagram for alloy AlSi1oMg with addition of 0.2; 0.4
and 0.6 wt% Mn.

As presented on the diagram of thermal analysis ATD the crystallisation of alloy AlSi10Mg without addition of
Mn (Figure 1), starts in temperature Tjq. (575 °C) represented by point A. In this temperature the nucleation
begins together with growth of dendrites of solid solution a(Al), which lasts to the moment when it reaches
temperature of about 564 °C (point C Figure 1). Next, the nucleation begins together with growth of double
eutectics a(Al)+B(Si), preceded by overcooling which last until reaching a temperature of about 553 °C (point
D). Probably from that time the crystallisation of eutectics including Fe and eutectics a(Al)+Mg2Si+f begins
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which lasts till reaching a temperature of about 526 °C (point E in Figure 1). In this temperature the

crystallisation of triple eutectics a(Al)+Mg2Si+f3 ends and at the same time the solidification of the whole alloy
ends.
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Figure 1 Diagram of ATD analysis (TDA) of alloy AlSi10Mg without addition of Mn with characteristic
crystallisation points
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Figure 2 Fragment of ATD (TDA) diagram for alloy AlISi10Mg with characteristic crystallisation points: a) with
addition of 0.2 wt% Mn; b) with 0.4 wt% Mn; c¢) with 0.6 wt% Mn

Presentation of characteristic values of crystallisation temperatures of tested alloys is shown in Table 2.

It results from the basis of analysis of ATD that besides the identification of characteristic temperature of
microstructure elements crystallisation the method can also be applied to assess the quality of the casting
materials. As it has already been mentioned, the purity of the alloy is assessed on the basis of the amount of
impurities, mainly Fe content.
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Table 2 Characteristic temperatures of crystallisation of tested alloys

Characteristic temperatures (°C)
No. Name of alloy (points on diagrams TA and ATD)
of alloy 0 A B C D E
Temn) Tiiq. TEmin. Te Temg) Tsol
1 AlISi10Mg - 575 564 568 553 526
2 AISi10Mg + 0.2 wt% Mn 646 572 558 563 549 520
3 AISi10Mg + 0.4 wt% Mn 651 569 554 559 544 520
4 AISi10Mg + 0.6 wt% Mn 657 569 555 560 543 521
where:

Teny - temperature of crystallisation of eutectic rich in manganese (°C)

Tiig. - liquidus temperature (°C)

Temin. - minimum temperature of crystallisation of binary eutectic a(Al)-B(Si) (°C)
TE - temperature of crystallisation of binary eutectic a(Al)-B(Si) (°C)

Teg) - temperature of crystallisation of eutectic rich in Fe (°C)

Tsol. - solidus temperature (°C)

In alloys of Al type which are impure because of Fe content there are brittle phases: 3-AlsFeSi and an-AlsFe2Si
(to 0.5 wt% Fe) and phase B-AlgFe2Si which crystallise most often. Crystallisation of eutectics which include
those phases should be visible on the curves TA and ATD. The possible exothermic effect can be expected
after nucleation and dendrite growth of solid solution a(Al), that is in temperature range 575 °C-568 °C.
However, as can be seen in Figure 1 there are no heat effects resulting from nucleating and eutectics type
a(Al+AlxFeySi+B(Si) growth. It is probably caused by such small thermal effect which comes from eutectics
containing Fe that it is not noticeable on temperature curve. Therefore, tests should be supplemented with
calorimetric measurements which were not the aim of this paper.

In case of crystallisation of alloy AlSi10Mg with addition of Mn (Figure 2) the course of curves TA and ATD in
first phase of crystallisation is slightly different. Analysis of the phase equilibrium systems (double Al-Mn) and
(triple Al-Si-Mn) [28] shows that as a result of peritectic reaction L+AlsMn<«>a+AlsMn (in temperature of 708
°C) a phase AlsMn appears and in temperature of equilibrium 658 °C the double eutectic a+AlsMn nucleates.
It can be also read from those systems that for alloys Al-Si-Mg with addition of Mn and Fe the intermetallic
phases: B-AlsFeSi, oc-Ali2(FeMn)sSi and ah-AlsFe2Si can appear which are included in eutectic types
Alx(FeMn)ySiz. In temperature range from 646 °C to 657 °C there is a significant exothermal effect observed
(marked with point 0 in Figure 2). Taking this into account, it can be assumed that it is a beginning of nucleation
and eutectics growth which includes the primary intermetallic phase rich in Mn. Temperature of its precipitation
is therefore about 10 °C lower than equilibrium temperature of phase AlsMn crystallisation. Addition of
manganese, independently from the amount, did not significantly influence the course of further crystallisation
process of alloy AlSiioMg and at the same time had no impact on the change of values of characteristic
temperatures in tested alloys (points D and E in Figure 2).

4. RESULTS OF TESTS OF MECHANICAL PROPERTIES

Results of hardness measurements HB for tested alloys are shown in Figure 3a, and resistance to tension -
Figure 3b, conventional yield point - Figure 3c, and elongation of sample on Figure 3d.

Analysis of results of mechanical properties (Figure 3) shows that in each case the heat treatment to the
condition of T6 causes increase of tested properties in relation to condition of casting (without heat treatment).
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This increase for alloy without manganese equals respectively: for HB 45 %, for Rm 44 %, for Rp 60 % and
for elongation 30 %. Additionally, it should be mentioned that the addition from 0.2 to 0.6 wt% of Mn caused
further elevation of tested properties which were the hardness increase of about 11 %, resistance to tension
increase of about 20 % and conventional yield point increase of about 17 % in comparison with alloy without
the addition of Mn. No significant change in elongation was observed after addition of manganese in range
0.2+0.6 wt%. Increase of manganese content of over 0.6 wt% did not significantly influence on the elevation
of mechanical properties of alloys Al-Si-Mg and therefore it can be assumed that the content of about 0.6 wt%
of Mn is the optimum amount.
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Figure 3 Results of measurements of mechanical properties of tested alloys: a) HB; b) Rm;
c) Rp; d) elongation A

5. MICROSTRUCTURE TESTS RESULTS

Results of diffractometric tests of alloy AlSitoMg without Mn and with addition of 0.6 wt% of Mn are presented
in Figure 4. Analysis of microstructure tests, in particular the x-ray diffraction patterns (Figure 4a), has shown
that in alloy AlISi1oMg without Mn, apart from the reflections coming from Al and Si there are also intermetallic
phases:3-Mg2Si and adverse phase (3-AlsFeSi. In alloys with addition of 0.2 and 0.4 wt% Mn there was phase
B-AlsFeSi found but its contribution has decreased. After adding 0.6 wt% Mn (Figure 4b) there was no phase
B-AlsFeSi present any more. However, there were intermetallic phases AlsFe2Si and Alis(FeMn)sSiz identified.
It can be read from ATD tests (Figure 2) that intermetallic phase a-Al1s(FeMn)sSi2 crystallised as primary and
no contribution of manganese was found in content of other structure divisions and crystallising multi-
component eutectics in tested alloys. Microstructure of alloy AlSi10Mg without addition of Mn in casting
condition is presented in Figure 5 and after addition of 0.6 wt% of Mn - in Figure 6.
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Figure 4 X-ray diffractometer of alloy AlISi10Mg: a) without Mn; b) with 0.6 wt% Mn

Figure 5 Microstructure of alloy AlSi10Mg without Mn (with different magnifications)
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o-Alis(FeMn):Siz

Figure 6 Microstructure of alloy AlSi1oMg with addition of 0.6 wt% Mn with characteristic phase divisions a-
Al1s(FeMn)sSiz; B-AloFe2Si and B-MgzSi
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Measurement Al-K Si-K Mn-K Fe-K Al-K Si-K Mn-K Fe-K
point (Wt%) (at%)
pt1 75.1 12.9 8.8 3.2 75.3 12.4 8.5 3.8
pt2 75.9 12.1 9.0 3.0 74.8 12.2 9.1 3.9
pt3 98.7 1.3 - - 98.5 1.5 - -

Figure 7 Microstructure of alloy AlSi10Mg with addition of 0.6 wt% Mn and nuclear dispersed energy
spectrum and chemical composition in points

Observations of microstructures show that in secondary alloys AlSi1oMg without manganese an adverse phase
B-AlsFeSi crystallises which reaches the length of up to 40 ym (Figure 5a) with needle-plate morphology.
Divisions of this phase are disadvantageous because, as tests [16-18] show, they cause a concentration of
local stress intensities and decrease of plasticity and susceptibility to cracking. In alloys with addition of Mn
the phase B-AlsFeSi does not form but phase B-AlsFe2Si and a-Alis(FeMn)sSiz2 appear (Figure 6b). Phase [3-
AI9Fe2Si is also present in “needle” form but with smaller length (up to 20um) - Figure 6c. It can be then
assumed that the addition of manganese causes the disappearance of the disadvantageous phase B-AlsFeSi
in favour of a-Al1s(FeMn)sSi2 which crystallises in the form of compact, evenly distributed in the matrix of solid
solution a(Al) polyhedral precipitations sized 7-8 um - Figure 6b. In all tested alloys the intermetallic phase 3-
Mg2Si crystallises in the characteristic shape which is similar to “Chinese handwriting” - Figure 6d.
Microstructure of alloy AlSiioMg with addition of 0.6 wt% Mn and nuclear dispersed energy spectrum and
chemical composition in points is shown in Figure 7.

6. SUMMARY AND CONCLUSIONS

Growing prices of energy, decreasing amounts of natural raw materials and the necessity to protect the
environment cause that the development of materials circulation is inevitable. In order to meet those demands
and avoid dependence on primary aluminium import from outside Europe it is necessary to turn attention to
recycling of secondary materials. It is also connected with non-ferrous metals, including Al alloys which are
the main material for various types of castings in automotive and aviation industry branches.

Therefore, to meet the requirements of satisfactory plasticity and resistance comparable to the alloys prepared
from primary raw materials it is necessary to maintain the impurities in secondary alloys on adequately low
level. For casting alloys Al-Si the main impurity is Fe which has detrimental influence on the utility properties
and was widely described in literature [11-15]. Therefore, it is justified to conduct research in order to decrease
the detrimental influence of Fe on the mechanical and plastic properties of secondary Al alloys.

It was found, that among various additives which influence the change of shape and size of undesirable
intermetallic phases type 3 manganese is the right “morphological corrector” of Al-Si alloys. In silumins which
are not contaminated with Fe the most often crystallisation is phase -AlsFeSi with morphology in form of thin
plates with sharp edges which can be seen in cross-section in forms of needles with length up to 40 ym. This
phase decreases the mechanical properties and increases the susceptibility to cracking due to its brittleness.
It was stated that manganese beneficially influences phase division 3-AlsFeSi and secondary alloys Al-Si-Mg
with addition of manganese have satisfactory strength and plasticity. It is possible due to crystallisation of
phase Alis(FeMn)sSi2 which forms compact, polyhedral divisions sized 7-8 ym evenly distributed in solid
solution matrix a(Al). It was also stated that the optimum content of manganese addition is about 0.6 wt% but
there should be further tests conducted on the notion of the quotient of Mn to Fe. It is particularly important in
case of slag formulation which impedes the achievement of high plasticity of pressure castings. Tests results
on the optimum content of Mn to Fe in alloys Al-Mg-Si are presented in paper [36] whereas for alloys Al-Si-Cu
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in paper [37]. Conclusions from these papers, however, cannot be directly applied in case of Al-Si-Mg alloys
due to a totally different sequence of crystallisation and occurring intermetallic phases in those alloys.

Taking the above-mentioned statements into account, the following conclusions were formulated:

1) It can be read from the diagrams TA and ATD for alloys Al-Si-Mg-Mn that the intermetallic phase
Alis(FeMn)sSiz2 undergoes primary nucleation and does not have big influence on the course of the
remaining stages of crystallisation process.

2) Addition of 0.6 wt% of Mn causes replacement of adverse phase B-AlsFeSi of “needle-plate” texture with
primary intermetallic phase a-Alis(FeMn)sSiz which crystallises in the form of polyhedrons which are
evenly distributed in the solution matrix a(Al). Unfortunately, it is hard to determine unambiguously the
optimum quotient of Mn to Fe in alloys Al-Si.

3) Due to morphology and size of intermetallic phase a-Alis(FeMn)sSiz it may be assumed that it can
positively influence the improvement of mechanical properties without a significant decrease of plasticity
and the possibility of cracking of alloys Al-Si-Mg. It is the reason why castings prepared from secondary
materials can serve as substitution of alloys prepared from primary raw materials.

4) It was also found, that in alloys Al-Si-Mg with addition of manganese a phase B-AlgFe2Si crystallises in
the “needle form”, but with significantly smaller length (up to 20 ym).
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