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Resume

Effects of chemical composition and heat treatment on the microstructural and
mechanical properties of cast Al-Mg-Si-Mn alloys were investigated. The as-cast
and heat treated alloys were investigated by microhardness, macrohardness and
tensile stress measurements, scanning and transmission electron microscopy,
energy dispersive X-ray analysis and differential scanning calorimetry. It was
observed that the mechanical properties depend strongly on composition and
addition of excess elements and eutectic phase. Heat treatment leads
to the enhancement of all mechanical properties of alloys, which are the result
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1. Introduction

Interest in heat treatable Al-Mg-Si
aluminum alloys has been on the rise due to the
ability to modify alloy hardness and thereby
improve mechanical properties. The hardening
effects arises as a result of interacting
dislocations with the precipitates, which act
as obstacles to the dislocation motion [1, 2].
It is well known that the ductility of such alloys
decreases with increasing Si content and
the brittle coarse Si particles usually make
further deformation difficult [3].

Nevertheless, it is not only important
to apply heat treatment conditions, but also
to determine the optimal chemical composition
of the material. The structure of Al-Mg-Si
alloys consists of such phases as: solid solution
of a-Al, primary Mg.Si crystals and eutectic
of Al-Mg:Si.

An excess of Mg can decrease
the solubility of Mg.Si in the o-Al and

obviously increases strength of materials after
heat treatment [4, 5]. An excess of Mg
in the Al-Mg.Si system moves the eutectic point
to a lower MgzSi concentration. It has also been
shown that excess Mg in Al-Mg.Si alloys can
promote the formation of primary Mg.Si and
show that increasing Mg content decreases
the volume fraction of the o-Al matrix and
increases the volume fraction of Al-Mg.Si
eutectic phase [6 - 9].

An excess of Si significantly affects
the diffusion of Mg and Si in Al liquid and
produces o—Al dendrite structures. Increase
of Si excess in the AI-Mg,Si-Si composites
leads to an increase of the solidification range.
The aspect ratio of eutectics and size of primary
particles are decreased with the increase of Si
content in AI-Mg.Si composites [10]. Also,
excess Si has a positive effect on the properties
of alloys after heat treatment. Authors [11, 12]
show positive effect with subsequent heat

Materials Engineering - Materialové inzinierstvo 24 (2017) 11-20



12 O. Prach, O. Trudonoshyn, M. Puchnin: Effects of chemical composition on mechanical

properties of Al-Mg-Si-Mn based alloys

treatment on tensile stress alloys with excess Si.
In the works [12, 13] beneficial action after
aging on hardness and microhardness as well
is shown. However, simultaneous modifications
of chemical composition and heat-treatment and
their effect on the mechanical properties
of AI-Mg-Si alloys have not yet been
investigated.

The main task of the paper is to elucidate
influence of chemical composition
on the mechanical properties and structure
of AlI-Mg-Si-Mn alloys. This investigation
was performed through an examination
of microstructural properties, including
chemical composition at the micro-scale,
as well as macroscopic measurements
of  mechanical properties, providing
an understanding of the behavior of these alloys
across several length scales

2. Materials and methods

The present article follows an earlier
research of AIl-Mg-Si alloys [14, 15].
The chemical compositions of evaluated alloys
are represented in Table 1.

All alloys were prepared in an electric
resistant furnace using graphite crucibles. High
purity aluminum (A99.997), AlIMg50, AlSi25
and AIMn26 were used as master alloys.
The melt with the temperature (720 £ 5) °C had
been degassed under argon atmosphere during
10 minutes.

Two types of heat treatment were applied.
The first type was a solution treatment
(in an electrical resistance furnace) and
guenching in water at room temperature.
The second type of heat treatment is T6, which
combines  solution treatment at 570°C
(60 min.), quenching in water and artificial
aging at 175 °C over a variety of times.

Hardness was measured by a Universal
testing machine (EMCOTEST M4C 075/750)
with a ball diameter of 2.5 mm and a load
of 62.5 kg, time of loading was 10 sec.
Microhardness tests were carried out on polished
non-etched specimens on a LECO M-400-G1
microhardness tester, HV0.05 with a standard
indentation time. Tensile tests were carried out
using testing machine (INSTRON 5582, USA),
according to the standard EN 1SO 6892-1.

Samples for microstructure observations
in scanning electron microscope (SEM) were
prepared using conventional metallographic
techniques. The composition of the phases was
measured by EDX analysis using SEM (JEOL
JSM-7600F  High Resolution  Scanning
Electron Microscope with EDS analysers
(Oxford INCA Energy 250, UK), Japan) with
accelerating voltage of 15 kV. To minimise
the influence from the interaction volume
during the EDX quantification, five point
analyses on selected particles were conducted
for each phase and the average was taken
as the measurement.

Table 1
Nominal composition of alloys, wt. % (Al — bal.).
Alloys
Elements
M3 MS1 MS2 M59 MS3 MS4 MS5
Mg 6.0 7.0 7.0 5.0 7.0 7.0 7.0
Si 0.4 1.0 2.0 2.0 3.0 4.0 5.0
Mn 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Expected 1IMg.Si-  3MQ2Si- 6Mg:Si- 6Mg.Si-  9MQ.Si- 10.5Mg.Si-  10.5MgsSi-
Mg2Si content 5Mg 5Mg 3Mg 1Mg 1Mg 0.5Si 1.5Si
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Fig. 1. Microstructure of Al-7Mg-XSi-0,6Mn alloys: a) - €) as cast, f) - j) after heat treatment.
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3. Results and discussion

Microstructure and elements distribution.
Fig. 1 represents the polished microstructure
of samples. All alloys exhibit equiaxial grain
structure. The following phases constituents can
be distinguished based on the results of EDX
analysis:
1. Matrix of a-Al (light areas);
2. Primary Mg.Si crystals (black);

3. Eutectic of Al-Mg,Si (dark-grey areas);

4. Manganese phases Als(Mn,Fe), a-Alis(Mn,Fe)sSiy;
4’. Mangan-silicon phase B-Als(Mn,Fe)Si;

5. Silicon-manganese phase 5-AlsSi,(Mn,Fe);

In the present series of alloys, Mg and Si
content in solid solution changes with alteration
of the Mg/Si ratio in alloys (Table 2). Mg
is considered in excess when the ratio is more
than 2, and excess of Si - less than 2. For all
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alloys Mn content in o-Al solid solution
is 05 - 0.6 wt % (Table 2). Existence
of an insignificant peak of oxygen in EDX-
spectrum is explained by tendency of Al and
Mg2Si to oxidation. The average composition
of a-Al matrix for all samples is represented
in Table 2.

Homogenization equalizes the distribution
of all elements in the grain and increases
the excess element (Mg or Si) in a-Al matrix
(Table 2). Exceptions are M59 and MS3 alloys,
in which the concentration of the Mg and Si
in solid solution changes slightly. It can depend
on Mg/Si ratio, which is close to stoichiometric
in these alloys.

Mn- and Si-containing phases. Due to
the presence of iron in the Mn ligature which
have poor solubility in Al-Mg-Si alloys, we
observe the formation of acicular-shaped
intermetallic inclusions of high Fe and Si
content, which reduce the strength and ductility
of the alloys. To neutralize the negative effect
of the Fe-containing phase [12 - 16],
investigated alloys are additionally doped
by 0.6 % Mn.

In alloy with the nominal composition
of Al-7Mg-5Si wt. %, two eutectics (Al-Mg.Si
and AI-Si) are formed [12]. However,
the eutectic Al-Si was not detected in the alloy
with a nominal composition Al:MgsSiMn
(Fig. 1 j and 4 d). Therefore an excess of silicon
with manganese and iron form several types
of manganese phase in submitted alloys.

As it is shown by further studies,
the addition of 0.6 wt. % of manganese in the
alloy with nominal composition Al-7Mg-3Si
improves its mechanical properties. Thus tensile
strength and yield strength of the alloy with
manganese addition increases on average
by 30 %.

The morphology of primary Mn-
containing phase observed in all alloys is shown
in Fig. 1. Its chemical composition and
stoichiometry are represented in Table 3. These
phases can be identified as Alg(Mn,Fe),

a—AIls(Mn,Fe)ssiz, B-A|5(MILFC)Si, 8—AI4(Mn,Fe)Si2.
As it can be seen from Fig. 1 and Table 3, heat
treatment  promotes  the  transformation
of metastable phases to stable conditions [16 - 18].

Eutectic. An overview of the thermal
effects in the investigated alloys and therefore
theirs melting point can be obtain from the DSC
curves. The experiments were conducted
in alloys with different Mg and Si content.
Fig. 2a shows the curves of the changes
in the heat flow depending on the temperature
for the MS2, M59 and MS3 alloys.
In the temperature range from 20 — 590 °C
no thermal effects were observed. When
the temperature reaches close to 590°C
on the all of heating curve, a negative thermal

effect occurs, which corresponds
to an endothermic reaction. The first
endothermic  effect can be attributed

to the melting of the eutectic (Al) + (Mg.Si) and
starts at T = 594 + 3 °C. The second heat effect
corresponds to the melting of a-Al matrix.
As it can be seen, amount of the eutectic
(A + (Mg,Si) as well as excess of Mg does not
significantly effect on the behavior of alloys
during heating. Peaks corresponding
to the melting of Mn-containing phases have not
been detected due to a small amount. Therefore,
we can judge, that the initial melting point
of alloys of AI-Mg-Si is the melting point
of (Al) + (Mg.Si) eutectic - 594° C.

Another situation occurs in alloys with
excess of Si that can be seen on Fig. 2b. In MS4
and MS5 alloys, in comparison with other
studded alloys, new peaks were detected. They
start close to 570°C and merge with the peak
of (Al) + (Mg.Si) eutectic. Due to [17, 18] they
can be classified as a melting of Mn- and
Si- containing phases. Thus, a-(AlFeSi) and
B-(AIMnFeSi) phases have melting points
in range 560-570 °C, (Al)-(Si) eutectic — 575° C
and o-(AIMnFeSi) — 596 °C. The temperatures
of these reactions are close to each other and
to identify them on the DSC curves
it is necessary to use more precise equipment.
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Fig. 5. Volume fraction of Al-Mg2Si eutectic in: a) M59 alloy, b) MS2 alloy, c) MS4 alloy, d) MS5 alloy
dependency on Mg and Si content.

With the addition of Mg into the Al-Mg.Si
system, the eutectic point moves towards
the corner with lower Mg,Si concentration
(Fig. 3), the volume of primary a-Al decreases
with increasing of the Al-Mg,Si eutectic volume
(Fig. 4 a, b). As it was mentioned in [21],
the Al-Mg.Si eutectic volume fraction grows
with the increase of Mg.Si in the Al-Mg.Si

alloys.

Increase of excess of Si in the Al-Mg2Si
alloys leads the eutectic point to higher Al
concentration and decrease of the volume
of primary a-Al and increase of the Al-Mg.Si
eutectic volume. In MS5 alloy with 1.5 wt. %
excess of Si, primary o-Al practically
disappears, and the volume fraction of Al-Mg.Si
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eutectic reaches maximum (Fig. 4 c,d).
Mechanical properties. The results
of hardness and tensile tests are summarized
in Fig. 5. As the result of solution treatment
both macrohardness (HB) and microhardness
(HV0.05) values are significantly decreasing
(except MS5 alloy). Artificial aging leads
to an increase in all mechanical properties
of the investigated alloys. Changing during heat
treatment is the result of several processes,
which simultaneously occurs during heating.
The first process is the eutectic
spheroidization. The higher solution treatment
temperature leads to faster eutectic lamella
decomposition into smaller segments and
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to a spheroidizing effect [15]. This process
(according to the results as presented on Fig. 5)

leads to a decrease in the hardness
of the alloys.

The second process is dissolution
of primary Mn-containing phases and

the formation of dispersoids, which include Mn,
Si and Fe. These particles can be identified
as a-(Alis(Mn,Fe)sSiz) phase [21, 22]. Absence
of coherence of phase a-(Alis(Mn,Fe)sSiz) with
a-Al  probably  affects the  decrease
of the hardness of the alloys, (along with
disintegration of eutectic cells). Also,
the dissolution of the 3’-MgsSis particles occurs
during homogenization.
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Fig. 5. Mechanical properties of MS-series.
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Fig. 6. Morphology of needle-shaped polyhedral 5-Al4(Mn,Fe)Si2 phase in MS5 alloy.

Table 3

Average composition of Mn-containing phases measured by EDX.

Chemical composition, wt.%
Mg Al Si Mn Fe Cu

0.8 73.2 0.1 16.1 8.3 0.1
1.8 70.7 11 16.2 8.5 0.1
2.2 70.4 1.0 16.4 7.8 0.1

0.6 65.6 5.5 17.8 9.4 0.2
0.9 70.5 5.5 13.2 7.8 0.3
11 70.7 5.8 13.5 7.5 0.4
0.7 66.5 4.9 14.3 11.3 0.6
0.7 69.7 4.8 13.3 9.9 0.1

1.1 60.4 26.8 7.6 2.2 0.4
0.7 58.1 21.3 16.8 1.7 0.3

Phase name Alloy o
Alg(Mn,Fe) M3 L4
(blocky-shaped) MS1 1.6
MS2 (AC) 2.1

MS2 (HT) 0.9

a-Alis(Mn,Fe)sSiz,  M59 (AC) 1.8
(blocky-shaped, M59 (HT) 1.0
stable phases) MS3 (AC) 1.7
MS3 (HT) 1.5

6-Als(Mn,Fe)Siz MS4 (AC) 1.5
(acicular-shaped) MS5 (AC) 1.1
B-Als(Mn,Fe)Si MS5 (AC) 0.5
(blocky-shaped, MS4 (AC) 0.8
stable phase) MS4, MS5 (HT) 1.6

0.2 59.2 11.9 251 2.4 0.7
0.6 62.0 10.4 21.8 4.0 0.4
1.00 63.5 11.6 21.9 2.3 0.1

The last process occurs in alloy MS4,
MS5 is transformation of metastable acicular-
shaped &-phases (Fig. 6) to more stable state due
to the diffusion processes [23, 24]. After
solution treatment the excess of Si from
the J-phase dissolves in a-aluminum solid
solution (Tables 2, 3). As it can be seen from
Fig. 6c¢ this process is confirmed by the results
from microhardness tests.

Hardness and tensile strength of the cast
Al-Mg,Si alloys do not increase with the growth
of Mg content (MS2 and M — alloys with same
volume of Mg,Si and different values of Mg),
but can relate to the size and morphology
of the eutectic and primary Mg.Si phases (M3
and MS1, M59 and MS3 — alloys with same

the value of Mg and different volume of Mg.Si),
it can be seen from Fig. 5. Similar results were
obtained in the works [6, 11].

The alloys of AIl-Si-Mg system with
increase of Mg content up to a certain quantity
leads to increase of mechanical properties, but
further increase of the Mg content leads
to decrease of mechanical properties [25].
As can be seen from the graphs (Fig. 5), heat
treatment does not affect on the mechanical
properties (both of hardness and tensile
strength) of alloys with extra magnesium. Also,
heat treatment of alloys with extra silicon
improves the mechanical properties. With
increasing time of artificial aging (at 175 °C)
the hardness of alloys with extra silicon grows.
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It can be explained by a sufficient amount
of silicon in solid solution to form a larger
number of strengthening particles.

Fractography analysis.  Insignificant
hardening effect on alloys with extra
magnesium content was confirmed by results
of fractography analysis. Behavior
of the fracture surface also confirms that
the main strengthening phase in the studded
system is the Al-Mg.Si eutectic. With increase
of the eutectic amount the percentage of brittle
surfaces proportional increases, thereby tensile
strength become higher (from the quasi-viscous
MS1 to transgranular MS3).

Initiation of destruction is on the line
of the eutectic cells — o-matrix grains and
eutectic cells — eutectic cells (alloys M59, MS2,
MS3).  Additional stress  concentrations

g) MS2 (HT)

f) MS1 (HT)
Fig. 7. Fractography of Al-7Mg-XSi-0,6Mn alloys: a) - e) as cast, f) - j) after heat treatment.

Solution treatment leads to the quantity
reduction of brittle surfaces compared with
the cast condition and the formation of a viscous
fracture. This is associated with spheroidization
of the eutectic lamellas. It confirms decrease
of mechanical properties that we can see
on the graphs of hardness. Similar effect of heat

h) MS3 (HT)

(in alloys MS4 and MS5) are caused
by the presence of elongated acicular-shaped
inclusions  (8-phase). This confirms our
assumption that the cause of the sharp
deterioration of mechanical properties in the as-
cast state is silicon-containing particles.
The dendrites of a-matrix behave similar
to grains and strong interaction between
inclusions and slip bands, which generates
at the grain boundaries during the plastic
deformation process [26]. The final fracture
paths tend to pass through the eutectic cells and
the fracture of eutectic generates the formation
of flat areas (Fig. 7). The fracture path
preferentially goes through the shrinkage
porosity in the case of the existence of excessive
shrinkage defects, which results in the significant
decrease of mechanical properties [27].

i) MS4 (HT) i) MS5 (HT) i

treatment on the formation of the fracture
surface was obtained by the author [27].

4. Conclusions

Increase of Si content leads to the formation
of less stable phases. In alloys with an excess
of Si metastable 6-Als(Mn,Fe)Si, phases are
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formed. This leads to the degradation
of mechanical properties. It has been found that
the an excess of silicon (MS4 and MS5 alloys)
promote the formation of strengthening particles
in o-matrix during aging, which leads
to appreciable increase of tensile strength.

The higher solution treatment
temperature leads to faster eutectic lamella
decomposition into smaller segments and
to spheroidizing effect.

Homogenization equalizes distribution
of all elements in grain and increases the excess
element (Mg or Si) in o-Al matrix and
transformation of metastable silicon-manganese
acicular-shaped o-phase to more stable state
(a or B) due to diffusion processes.

Excess magnesium did not have
a meaningful effect on the mechanical
properties of alloys.

The main strengthening phase
in the studded system is the eutectic cells
of Al-Mg:Si.
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