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The main aim of this work was to investigate the influence of impurities on the occurrence of intermetallic
phases in AlMg3 alloy. The effect of accompanying (admixture) elements was studied, namely: manga-
nese, iron and silicon in various combinations of AlIMg3 alloy. Thete was a high manganese content in
one melt for AIMg3, a high iron and manganese content in the second, and a high manganese, iron and
silicon content in the third. The reason for identifying and monitoring the occurrence of intermetallic
phases in these accompanying elements is their limited solubility in aluminum, where they are practically
secreted only in the form of different types of intermetallic phases. These intermetallic phases then reduce
the resulting mechanical properties, especially ductility of the AIMg3 alloy. Decrease of ductility causes
consequently worse formability of the material and brittle intermetallic phases initiate microcracks with
subsequent cracking of the material.
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1 Introduction

The physical, chemical, mechanical and other
properties of aluminum and aluminum alloys are
greatly influenced by the purity of the input materials,
the melting, casting and forming technology used.
Therefore, it is necessary to know the basic thermody-
namic characteristics of aluminum. The most com-
mon binary aluminum alloys are binary systems such
as Al - Cu, Al - Mg, Al - Mn, Al - Si; Al - Zn. In these
systems, aluminum with the corresponding elements
forms a substitute solid solution « which, with good
formability and toughness, has better mechanical
properties than pure aluminum. The maximum solu-
bility of the admixtures in solid Al solution is at eutec-
tic temperature. As the temperature decreases, the sol-
ubility of the ingredients decreases and at room tem-
perature it is small or negligible. The equilibrium bi-
nary diagrams on the aluminum side ate mostly of the
simple eutectic or peritectic type. At higher additive
concentrations the diagrams are complicated by the
formation of intermetallic phases (Cu, Mg, Mn addi-
tives) or they are simple diagrams with limited solid
solubility of both components (Al - Si system).

Al - Mg binary alloys are the basis of an important
group of unconsolidated alloys. Although magnesium
dissolves in considerable amounts in a solid aluminum
solution from about 17.4 wt. % at 450 °C up to a con-
centration of 1.9 wt. % Mg at 200 ° C, which induces
phase 3 (AlsMgp) segregation in all technical alloys, in
binary alloys the effect of dispersion hardening (aging)

at concentrations of less than 7 wt. % Mg. Magnesium
significantly improves the mechanical properties of
aluminum alloys. The strength with the addition of
magnesium gradually increases, the ductility initially
decreases and only slightly increases from 3 wt. % Mg.
However, the magnesium content of the forming al-
loys 1s not more than 7 % by weight. This is because
alloys with higher Mg content have worse corrosion
resistance and especially worse formability. Com-
pound AlsMg», which is secreted at grain boundaries,
is prone to corrosion [1].

The equilibrium phase diagram of the Al - Mg sys-
tem in Fig. 1. The equilibrium solid phases in the Al -
Mg system are: KPC (Al) solid solution with a maxi-
mum solubility of 18.9 at. % Mg in (Al) at a eutectic
temperature of 450 © C; HTU (Mg) solid solution with
a maximum solubility of 11.8 at. % Al in (Mg) at a eu-
tectic temperature of 437 ° C; compound with approx-
imate stoichiometry of AlsMg; and complex KPC
structure (martensitic transformation  occurs at low
temperatures to another structure, eg. by deform B
phase deformation, but equilibrium phase ratios have
not been investigated yet); Compound R (often re-
ferred to as ) having a composition corresponding to
42 at.% Mg and Compound with a enzmartensitic
structure (at 450 °C, phase y has a maximum coexist-
ence range of approximately 45 to 60.5 at.% Mg, but
ideal crystalline structure has stoichiometry Al112Mg17
at 58.6 at.% Mg) [2-5]. Phase 8 occurs as stable at 38.6
- 40.4 at. % Mg. The phase boundaries in the given Al
- Mg diagram were also obtained by thermodynamic
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calculations outside the single - phase $ regions. The
current diagram is based on a review of a number of
works, the more recent ones [6-8] and [9].
Equilibrium crystallization can only be observed at
cooling rates less than 5.10-6 K / h. Under conditions

of non-equilibrium crystallization, dendritic liquida-
tion with AlsMg» phase formation occurs even at low
magnesium contents of 4 + 5 wt.%. This phase is very
brittle at temperatures below 350 °C, becomes more
plastic at higher temperatures and, after crystallization,
is eliminated at the dendritic boundaries [10-13].

wt.% Mg
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Fig. 1Binary diagram Al - Mg

The presented experiment is part of a larger re-
search focused on the study of AlMg3 alloy. This alloy
was invented by the Faculty of Mechanical Engineer-
ing of UJEP and has never been studied in a similar
study. The aim of this work was to investigate and an-
alyze the individual phases that were identified in the
structure of the AIMg3 alloy. Improving the quality of
the material and eliminating defects can be done by
examining all the factors affecting the casting process
and material production, such as mapping the occut-
rence of intermetallic phases in the alloy structure.

2 Experiment

An AlMg3 alloy was specially developed and pro-
duced for the experiment with different content of
(admixture) elements were selected for research: man-
ganese, iron and silicon in various combinations.
There was a high manganese content in one of the
AlMg3 alloys, a high iron, manganese and chromium
in the other, and a high manganese, iron, silicon and
manganese content in the third. Also one melt with
low Mn, Fe, Si and Cr content was selected. The
chemical composition of all melts was performed by

using a spectrometer Q4 TASMAN and is given in Ta-
ble 1. The reason for identifying and monitoring the
occurrence of intermetallic phases in these accompa-
nying elements is their limited solubility in aluminum,
where they are practically secreted only in the form of
different types of intermetallic phases. These interme-
tallic phases then reduce the resulting mechanical
properties (strength, ductility) and also reduce the cor-
rosion resistance of the AIMg3 alloy.

Sample identification:

Sample No. 1 - with a higher content of Mn, Fe
and Si

Sample No. 2 - with high Fe content and higher
Mn, Si and Cr content

Sample No. 3 - with a high content of Mn, Si, Cr
and a very high Fe content

Sample No. 4 - with very low Mn, Fe, Si and Cr
content

The chemical composition of each supplied sample
is given in Table 1.
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Tab. 1 Chemical composition of sheet samples No. 1—4, [wt. %]

Sample No. Si Fe Cu Mn Mg Cr Ni Zn Ti Al
1 0.117 | 0.425 0.019 0.319 | 2.780 0.045 0.0058 | 0.027 | 0.032 | 96.14
2 0.118 | 0.716 0.018 0.214 | 3.109 0.155 0.051 0.027 | 0.019 | 95.51
3 0.125 | 0.710 0.018 0.214 | 3.198 0.160 0.049 0.029 | 0.019 | 95.42
4 0.069 | 0.231 | <0.0010 | 0.068 | 2.656 | <0.002 | <0.002 | 0.014 | 0.009 | 96.87

The sample No. 4 shows a low iron and manganese
content compared to samples No. 1, 2, 3 in the sum
of up to 2x — 3x currency when comparing the chem-
ical composition of individual samples. Samples No. 2
and 3 contain such an increased amount of chromium
compared to the other samples.

3 Microscopic evaluation of the structure
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Fig. 3 Sheet metal microstructure (perpendicular to the
rolling direction), mag. 500x

An Olympus LEXT OLS 3100 confocal laser mi-
croscope was used to examine the samples. Figure 2
captures the microstructure of a sample formed of
sheet metal in the rolling direction. In the microstruc-
ture of samples made of sheet metal, 3 types of phases
were recognized by optical microscopy. Very fine gray
phases occurring evenly over the entire cross-section
of the sample are Al-Mg-based intermediate phases.
Another identified intermetallic phase in the micro-
structure of the sample is the intermediate phase based

on Al-Mg-Fe-Mn-Si. The third type of phase recog-
nized in the microstructure is the Al-Mg-Si-based in-
termediate phase. This phase appears dark gray or
black in the optical microscope images (indicated in
Fig. 3).

4 EDS analysis of individual intermetallic
phases in samples

A Tescan VEGA 3 scanning electron microscope
fitted with a Bruker EDS analyzer was used to gener-
ate electron microscopy images. The analysis of these
samples focused on the recognition of possible inter-
metallic phases occurring in the solid solution within
the material.

Sample 1
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Fig. 4 Detail of analyzed intermetallic phase of sample
No.1
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Fig. 5 Spectrum of EDS analysis from sample No. 1
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Tab. 2 Qnantification of areal EDS analysis from samples No.1 (area marked in Fig. 2)

= —_ O — O -
: : S 2 : 2 L | 2k
Al K-series 93.76 86.84 91.26 14.21
Fe K-series 9.62 8.91 4.52 0.91
Mg K-series 3.36 3.11 3.63 0.72
Mn K-series 1.23 1.14 0.59 0.24
Total: 107.96 100.00 100.00

4 shows the intermetallic phase detected on a metallo-
graphic cut made of sheet No. 1 and is highlighted by
a yellow rectangle. Figure 5 shows the spectrum of an-
alyzed elements from the selected area. Quantification
of the content of individual elements is given in Table
2. As can be seen from these data, the analyzed inter-
metallic phase is rich in Al, Fe, Mn and a small amount
of Mg alloying element. It is therefore a complex in-
termetallic type of AlFeMn (Mg).
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Fig. 6 Detail of analyzed intermetallic phase of sample No.1 2] ‘
LA 4]
Sample No. 1 also exhibited numerous irregular in- R P AL S ‘g D 6‘“ T
termetallic phases containing Fe and Mn in addition to <
a large number of AlsMg, — type intermetallic bases as Fig. 7 Spectrum of EDS analysis from sample No. 1

described in the Al-Mg binary system (Fig. 4). In Fig.
Tab. 3 Quantification of areal EDS analysis from samples No. 1 (area marked in Fig. 4

& @ Q O = © - S
= @ 5 = e £ = g
Al K-series 93.75 89.74 92.36 14.21
Fe K-serics 5.44 521 2.59 0.60
Mg K-series 3.50 3.35 3.83 0.74
Mn K-series 1.00 0.96 0.48 0.22
Si K- series 0.78 0.75 0.74 0.28
Total: 104.48 100.00 100.00
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Another very similar intermetallic phase as in Fig.
4 has been identified in sample No. 1 and is shown in
Fig. 6. Figure 6 shows a difference in shape (morphol-
ogy) of this intermetallic phase, which has more regu-
lar geometric shapes than the intermetallic phase in
Fig. 4. Figure 7 shows a spectrum of analyzed ele-
ments from a selected area. Quantification of the con-
tent of individual elements is given in Table 3. As can
be seen from these data, the analyzed intermetallic
phase is rich in Al, Fe, Mn, Si and a small amount of
Mg alloying element. It is therefore a complex inter-
metallic type of AlFeMnSi (Mg).

Sample 2

Sample No. 2, in addition to its large number of
AlsMg» — type intermetallic bases, as described in the
Al-Mg binary system, also exhibited numerous geo-
metric regular plate-like intermetallic phases with a
high Fe content (Fig. 8). Figure 9 shows a spectrum
of analyzed elements from a selected area. Quantifica-
tion of the content of individual elements is given in
Table 4. As can be seen from these data, the analyzed
intermetallic phase is Fe-rich doped with a small
amount of Mn. In terms of EDS analysis and stoichi-
ometric ratio between Al and Fe and in the absence of
Si, this is the intermetallic phase of AlFe3, which is
also illustrated by the shape of the intermetallic phase
and the binary diagram of Al-Fe.

SEM MV 0.0 sV WX 11.1% mm VEGAD TESCAN

View Dokt 366 pm Det: SE 10 pm
SEM MAGE D738 kx| Datedmudy) 0901114

Fig. 8 Detail of analyzed intermetallic phase of sample No. 2
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Fig. 9 Spectrum of EDS analysis from sample No. 2

Tab. 4 Quantification of areal EDS analysis from samples No. 2 (area marked in Fig. 6)

o _ O - o T —
: ks o5 E S &S £
£ : £ : £z 3
& @ = g = < @~
Al K-series 77.92 72.93 83.33 11.89
Fe K-series 25.25 23.63 13.04 2.13
Mg K-series 2.56 2.4 3.04 0.63
Mn K-series 1.11 1.04 0.59 0.25
Total: 106.84 100.00 100.00
Tab. 5 Quantification of areal EDS analysis from samples No. 2 (area marked in Fig. 8)
= —_ O - O -
§ g S S S =S
5 5 £ g £y E 3 A8
Al K-series 76.68 78.35 86.33 11.76
Fe K-series 16.11 16.46 8.76 1.53
Si K-series 0.72 0.73 0.78 0.33
Mg K-series 1.00 1.02 0.55 0.27
Ni K-series 0.85 0.87 0.44 0.28
Total: 97.86 100.00 100.00
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Fig. 11 Spectrum of EDS analysis from sample No. 2

Sample 2 also exhibited unique geometric irregular
intermetallic phases with a high Fe content and less
Mg, Mn and Si in its structure (Fig. 10). Figure 11
shows a spectrum of analyzed elements from a se-
lected area. Quantification of the content of individual
elements is given in Table 5. As can be seen from these
data, the analyzed intermetallic phase is Fe-rich doped

with a small amount of Mn. In terms of EDS analysis
and stoichiometric ratio between Al and Fe and in the
doping, it is an intermetallic phase of AlFes. In terms
of the presence of Mg and Si in EDS analysis and lit-
erature sources [1], they may also be complex interme-

tallic phases of the type AlsFesSi, AlsFeSi or AlsFeSi.

Sample 3
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Fig. 12 Detail of analyzed intermetallic phase of sample No.
3
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Fig. 13 Spectrum of EDS analysis from sample No. 3

Tab. 6 Quantification of areal EDS analysis from samples No. 3 (area marfked in Fig. 10)

g 7 OF S 5T ES

g f; £ ¢ €3 e # 8

= @ 5= g2 = 22
Al K-series 66.76 70.58 82.20 10.50
Fe K-series 23.26 24.70 13.90 2.30
Mn K-series 1.41 1.49 0.85 0.40
Mg K-series 1.65 1.74 2.25 0.61
Ni K-series 1.40 1.48 0.79 0.45
Total: 94.58 100.00 100.00
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Sample 3 exhibited in its structure besides a large
number of basic intermetallic phases of the AlsMg>
type, as well as a plurality of geometrically irregular
coarse, high — Fe intermetallic phases (Fig. 12). Figure
13 shows a spectrum of analyzed elements from a se-
lected area. Quantification of the content of individual
elements is given in Table 6. As can be seen from these
data, the analyzed intermetallic phase is Fe-rich doped
with a small amount of Mn and Ni. In terms of EDS
analysis and stoichiometric ratio between Al and Fe
and in the absence of Sj, this is the intermetallic phase
of AlFes, which is also illustrated by the shape of the
intermetallic phase and the binary diagram of Al-Fe.

Sample 4

Fig. 14 Detail of analyzed intermetallic phase of sample
No.4

Sample 4 exhibited essentially only a large amount
of AlsMgp-type intermetallic phase as described in the
Al-Mg binary system and such a very small amount of
AlFes-type intermetallic phase (Fig. 14). Figure 15
shows a spectrum of analyzed elements from a se-

Tab. 8 Results of static tensile test

lected area of clusters of very fine irregular intermetal-
lic phases. Quantification of the content of individual
elements is given in Table 7. As can be seen from these
data, the analyzed fine intermetallic phases are Mg-rich
and are the intermetallic phase AlsMg», which is also
llustrated by the intermetallic phase shape and the Al-
Mg binary diagram.
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Fig. 15 Spectrum EDS analysis from Sample No. 4

Tab. 7 Quantification of areal EDS analysis from samples
No. 3 (area marked in Fig. 12)

51 8 |9%] S| S| &S

= - - - -

8 2 SE| cE| S|Pk

Al | K-series| 82.70 | 96.80 | 96.46 | 12.71

Mg |K-series| 2.74 3.20 3.54 0.71
Total: 85.44 | 100.00 | 100.00

5 Static tensile test

The static tensile test was carried out on the In-
spekt 100 tensile testing machine from Hegewald &
Peschke at the parameters defined by CSN EN 10002
- 1 (420310). The test was performed at normal ambi-
ent temperature of 20 £ 2 © C. The loading speed was
set to 4 mm / min for all test samples. The results of
the static tensile test are recorded in Table 8. As can
be seen from Table 8, the highest tensile strength val-
ues are attained by specimens No. 2,3, but have low
ductility and the best ductility is shown in sample No.
4, which contains a minimum of impurities.

Sample number @ Rm [MPa] A %) Nore

1 236.0 21.1 Average value of 10
measurements

2 259.0 20.7 Average value of 10
measurements

3 260.2 20.9 Average value of 10
measurements

4 218.5 35.1 Average value of 10
measurements
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6 Discussion of the results

Due to the increased content of admixture ele-
ments in samples No. 1, 2, 3, mainly Fe, Mn and Si,
numerous intermetallic phases rich in these elements
were also detected in their microstructure outside of
sample No. 4, where the content of these elements
was minimal and complex phases containing these im-
purity elements were virtually not identified in the
structure of this sample.

Sample No. 1 showed an increase in the content of
impurity elements Fe, Mn, and in its structure also in
addition to the basic intermetallic phase of the AlsMg»
type, it also showed a number of irregular intermetallic
phases containing Fe and Mn. The next identified in-
termetallic phase in Sample No. 2 in a small amount
was the AlFeMnSi (Mg) phase.

Sample No. 2 exhibited, besides a large amount of
AlsMgr-type intermetallic bases in its structure, and
due to the high Fe content (0.7%) as an admixture el-
ement, also a brittle intermetallic AlFes phase. In
terms of the presence of Mg and Si in sample No. 2,
also complex intermetallic phases of the type AlsFesSi,
AlgFeSi or AlsFeSi were also identified. it is an inter-
metallic phase of AlFey.

Sample No. 3 showed in its structure besides a
large number of basic intermetallic phases of the
AlsMgy type, as well as numerous geometrically irreg-
ular, coarse, intermetallic phases with a high Fe con-
tent. In terms of EDS analysis and stoichiomettic ra-
tio between Al and Fe and in the absence of Si, this is
the intermetallic phase of AlFe;.

Sample No. 4 had essentially only a large amount
of AlsMg»-type intermetallic phase as described in the
Al-Mg binary system and such a very small amount of
AlFeq-type intermetallic phase.

The influence of admixture elements, mainly Fe
and also to a lesser extent Mn on ductility is very ob-
vious. Sample No. 1 shown the tensile strength aver-
age value 236 MPa and elongation 21,1 %. The sample
No. 2 with the tensile strength 259 MPa reached elon-
gation 20,7 %. The sample No.3 with the tensile
strength 260.2 MPa and elongation 20,9 %. The last
sample No. 4 had a tensile strength average value
218.5 MPa but the has increased to 35.1 %.

7 Conclusion

Admixture elements in samples No. 1, 2, 3, mainly
Fe, Mn and Si, numerous intermetallic phases rich in
these elements were also detected in their microstruc-
ture. Sample No. 4, where the content of these ele-
ments was minimal and complex phases containing
these impurity elements were virtually not identified in
the structure of this sample. All samples showed a
large amount of AlsMg»-type intermetallic phase as a
result of alloying the investigated Mg alloy (about 3%)

and corresponds to the Al-Mg binary system.

The influence of admixture elements, mainly Fe
and also to a lesser extent Mn on ductility is very ob-
vious, where in terms of ductility results in samples
with the occurrence of brittle intermetallic phases
(samples No. 1,2,3) containing Fe and Mn ductility
only in range 20-21% and elongation 35% for sample
No. 4 with a minimum content of these impurities.
Decrease of ductility causes consequently impaired
formability of the material and brittle intermetallic
phases initiate micro-cracks with subsequent cracking
of the material.
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