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The as-cast structure of permanent mould and high-pressure die-castings of
the AIMg5Si2Mn alloy is investigated by differential scanning calorimetry,
microhardness measurements, transmission electron microscopy, and energy
dispersive X-ray analysis. Inside the o-Al grains, the curved plate-like precip-
itates are detected for both alloys. Examination of these precipitates reveals a
number of features, such as follow: (i) the composition of the precipitates is
very close to the stoichiometric Mg,Si compound; (ii) precipitates are aligned
along dislocations; (iii) the precipitate density is much higher for the high-
pressure die-castings, where the o-Al matrix contains more dislocations than
in permanent mould castings; (vi) precipitates lie inside the o-Al grains,
where they are randomly distributed. Precipitates are not observed among the
Mg,Si lamellas. Most likely, these precipitates are f”-phase, and the mecha-
nism of their formation is the heterogeneous nucleation on dislocations.

B poGoTi 1mpeacTaBiIeHO pe3yJabTATH MOOCTIAKEHHS CTPYKTYPHU CTOIIY
AlMg5Si2Mn, omep:;KaHOr0 BUJINBAHHAM Y KOKiJb Ta Hif THCKOM. 3a JOIOMO-
rom nudepeHIiiinol ckaHiBHOI KaJopuMeTpii, BUMipiB MiKpPOTBEDPLOCTU, TPAH-
CMiciliHOI eJIeKTPOHHOI MiKPOCKOIIil i JIOKaJIbHOI PeHTI'eHOCIIEKTPAJIbHOL aHa-
JIisu O0yJI0 BCTAHOBJIEHO, II[0 BCepeanHi 3epeH (-Al B tuToMy cTaHi crocrepira-
IOTHCA BUTHYTI IJIACTUHYACTI BugiseHHA. [lOCTiMKeHHAMY ITUX BUAiJIeHb 0yJI0
BCTAHOBJIEHO, IITO: IX CKJIa[L OJIM3BbKUU OO cTexioMeTpuyHOro ckjaamy Mg,Si;
BUIiJIEHHA OJHIEI0 CTOPOHOIO IIPMEAHAHI IO AMCJOKAIliN; KiJbKiCTh BUIiIEHD
3HAUHO OiJIbIIA B CTOIN, BiAJIMTOMY IIiJf TUCKOM, Hi’K y BUIAAKY KOKIJIBLHOTO
BUJINBAHHSA; BUAIJIEHHA POSMIIITYIOTHCA TiJIBKM B 3€pHAX TBEPJOTO PO3UYMHY, a
MiXK JAMEeJIAMHU eBTeKTHUKH He ciocTepirarorbesa. Ha#ibiasIn BiporigHo, m1o Taki
BUILJIEHHS € yacTuHKamu [”-dasu, i rOJTOBHMM MeXaHi3MOM iX YTBOPEHHS €
reTeporeHHe 3apO/PKEeHHA Ha JUCIOKAIifAX.
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B paGore mpexacTaBieHBbl Pe3yJbTAThl WCCAECNOBAHWA CTPYKTYPHI CILIaBa
AlMg5Si2Mn, o/Iy4YeHHOr0 JUThEM B KOKIJIb U II01 AaBjaeHreM. C MCII0Ib30-
BaHreM qu(depeHnnaIbHON CKaHUPYIOIe KaJOPUMeTPHUN, U3MEPEHNA MUK-
POTBEPAOCTH, TPAHCMUCCHUOHHOM 3JIEKTPOHHOM MUKPOCKOIHUHU W JIOKAJHHOTO
PEHTIeHOCIEeKTPAIbHOIO aHAIN3a YCTAHOBJIEHO, YTO BHYTPHU 3€peH o-Al B ju-
TOM COCTOSHMY HAOJIIOLAIOTCS BBIMHYTHIE IJIACTUHYATEIE BhIgeaennsd. Mceaemo-
BAHUSA TAKUX BBIJEJIEHUI IOKA3aJIM, UTO: X COCTAB OJIM30K K CTeXHOMEeTpUYe-
cKoMmy coctaBy Mg,Si; BbIIe/IeHNA OJHON CTOPOHON CONPUKACAIOTCS C JUCJIO-
KausaMN; KOJINYECTBO BLIJEJIEHNI 3HAUNTEJIbHO BBIIIE B CILIABE, OTJIUTOM IO
[JaBJieHreM, YeM B CJIyuae KOKWJBHOI'O JINThs; BBIJEJEHUS PaCIIOJararTCs
TOJIBKO B 36pHAX TBEPIOTIO PACTBOPA, a MEKAY JaMeJSIMU dBTEKTUKN He 00HA-
pysxuBaoTcsa. Hanbosiee BeposSTHO, UTO TaKMe BbIAEJIEHU SBISIOTCSI YaCTHAIA-
mu ”-dasel, 1 OCHOBHBIM MEXAHU3MOM UX 00PA30BAHUA ABJIAETCS I'€TePOreH-
HOE 3apOorKIeHUe HA JUCIOKAIUAX.

Key words: precipitates, element distribution, natural hardening, aluminium
casting alloy.
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1.INTRODUCTION

Design of new lightweight alloys for gradual replacement of iron and
steel parts is now the mainstream in energy saving and improvement of
fuel efficiency in the transportation sector. Parallel to the powerful
advances in aluminium wrought alloys, search for novel high-
performance casting alloys still attracts attention of both researchers
and manufacturers of aluminium casting. The last decades showed
growing interest in Al-Mg—Si—Mn casting alloys, which are consid-
ered as potential competitors for established commercial materials.
Despite of active implementation of Al1-Mg—Si—Mn alloys into foundry
practice [1, 2], structure formation and microstructural reasons for
their outstanding mechanical properties are not fully understood. Be-
ing long time in the shadow, alloys of the system Al-Mg—Si—Mn re-
turned into the market in 1996 [1-5]. It was reported by Koch et al. [2]
that a Al-alloy with the nominal composition AIMgb5Si2Mn subjected
to high-pressure die-casting shows one of the best properties regarding
ductility (up to 18%), yield strength (up to 220 MPa), and ultimate
tensile strength (up to 3560 MPa) compared with other casting alloys.
Comparing AlSi7TMg and AIMg5Si2Mn casting alloys, the most evi-
dent difference is that the highest strength for AlSi7TMg is achieved only
after heat treatment, whereas AIMgbSi2Mn exhibits its highest proper-
ties in as-cast condition. It was reported recently by Wang [6] that A356
(AlSi7Mg) casting alloy can be artificially aged without solution treat-
ment and that such aging results in the formation of [’-precipitates act-
ing as strengthening phase. However, for the AIMg5Si2Mn alloy, the
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reasons for its good mechanical properties are still under discussion.

In this article, the as-cast condition of the AIMg5Si2Mn alloy after per-
manent mould casting and high-pressure die-casting is characterized com-
prehensively regarding structure, elements distribution, and precipitates.

2. EXPERIMENTAL PROCEDURE

Two Al-Mg—-Si—Mn-type alloys are subject of the research program.
Their chemical compositions are presented in Table 1. The first one (al-
loy number 1) is prepared using a resistance furnace and graphite cru-
cible (batch weight of 0.25 kg). The starting materials are Al (99.9%
purity), Mg (99.9% purity), and AlSi25 and AIMn26 master alloys.
Prior to casting, the melt is treated by argon blowing for 10 min. After
blowing the melt surface is skimmed to remove dross. Sample 1 was
cast into a permanent mould (PM). Casting temperature of 710°C and
mould temperature of 22°C lead to a cooling rate of 5 K-s™.

Sample 2 is commercial alloy produced by high-pressure die-casting
(HPDC) in form of a 3 mm thick plate thus the impurities content (Fe,
Ti, Zn, Cu) in it is higher than that of melted in laboratory (sample 1).

Sample 3 is the commercial A356 casting alloy, which is included for
comparison. Initial materials, melting technique and casting condi-
tions are kept the same for all alloys.

Differential scanning calorimetry (DSC) measurements are per-
formed using a NETZSCH DSC 404 instrument. During DSC measure-
ments, specimens are protected under an argon atmosphere with a flow
rate of 75 ml-min~'. The measurements are performed in the tempera-
ture range 20 to 700°C at a heating rate 10°C-min".

Samples for microstructure observations in light microscope (LM)
are prepared using conventional metallographic techniques. Transmis-
sion electron microscopy (TEM) observations are carried out on thin
foils cut from bulk samples. Disks with diameter 3 mm and thickness
of 150 um were electropolished with a twin jet STRUERS Tenupol 3,
using 70% methanol, 20% glycerol, and 10% perchloric acid electro-
lyte kept at —27°C and a tension of 20 V. Specimens were investigated
in a PHILIPS CM-30 TEM operated at 300 kV accelerating voltage and

TABLE 1. Chemical composition of alloys under investigation.

Elements content, wt.% (Al—balance)
Sample - -
Mg ‘ Si ‘ Mn | Cu ‘ Zn ‘ Ti ‘ Be ‘ Fe
1 5.32 2.12 0.58 0.001 0.001 0.02 - 0.03

2 5.47 2.20 0.69 0.02 0.01 0.1 0.004 0.12
3 0.32 6.97  0.02 - - 0.01 - 0.06
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equipped with a Noran System Six EDS system from Thermo Scien-
tific. Element concentrations are measured using spot size of 4—8 nm.
These concentrations are averaged over measurements in 10 individual
grains (for sample 2) or dendrite arms (for samples 1 and 3).

Hardness measurements are performed using Brinell hardness test-
ing machine with ball diameter of 2.5 mm and load 62.5 kg. Micro-
hardness tests are carried out on polished non-etched specimens on a
Duramin-2 microhardness tester. These Vickers microhardness meas-
urements are performed on primary o-Al grains (sample 2) or dendrite
arms (samples I and 3) using 0.05 Kgf load for 10 seconds.

3. RESULTS
3.1. Differential Scanning Calorimetry

In a DSC experiment, the specimen under investigation and a reference
specimen are heated up and cooled down simultaneously. The reference
specimen must not show any phase transition in the investigated tem-
perature range. The difference in energy consumption or production
per time and mass between specimen and reference is measured during
such a heating cycle. This so-called heat flow is plotted as a function of
temperature. A positive peak indicates an exothermic reaction, name-
ly, solidification or precipitation. A negative peak stands for an endo-
thermic reaction, i.e. melting or dissolution.

The DSC plots obtained from the as-cast samples during heating are
shown in Fig. 1. In sample 3, three peaks can be distinguished, denoted as
heat effect 1, 2, 3. Their characteristic temperatures at start (‘peak on-
set’), extremum (‘peak’), and end (‘peak offset’) are summarized in Table 2.
Sample 2 shows the same strong peaks 2 and 3 as sample 1, but not the small
peak 1.

This first thermal reaction during heating is an exothermic effect
with peak onset at 220.0°C and peak temperature of 247.8°C. The next
thermal reaction is observed at a peak onset temperature of 596.2°C
for sample I and 574.4°C for sample 3. This endothermic effect is at-
tributed to the melting of (Al) + (Mg,Si) and (Al) + (Si) eutectics, re-
spectively. Further heating resulted in appearance of the endothermic
peak with onset 618.0°C for sample I and 608.7°C for sample 3. This
effect is related to the melting of a-Al (Fig. 1, b).

3.2. Microstructure Observations

In this section, the microstructural features are presented with in-
creasing magnification starting at the scale of the microstructure.
Figure 2 represents the as polished microstructure of samples 1 and 2.
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Fig. 1. The DSC traces for samples I, 2, and 3 at a heating rate 10 K-s™'. The
DSC plot over the full temperature range. Heat effects marked as 1-3 (a).
Spread endothermic heat effects 2 and 3 (b). Spread exothermic heat effect 1,
visible only in sample 3 (¢).

The microstructure of both samples consists of primary o-Al grains
(light areas) and (Al) + (Mg,Si) eutectic (grey). Sample 1 exhibits a
dendritic morphology of a-Al grains surrounded by eutectic colonies.
For sample 2, equiaxed globular-rosette morphology is preferential.
More details of the microstructure of sample 2 can be seen in the TEM
image (Fig. 5, b). The structure of AlSi7Mg casting alloy is well known
[7] and will not be repeated here.

3.3. Elements’ Distribution

a-Al grain. In spite of the morphological difference caused by in-
creased cooling rate and pressure effect for sample 2, the composition
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TABLE 2. Characteristic temperatures of heat effects observed during heating
of samples 1 and 3.

Peak Sample 1 ‘ Sample 3

Heat effect 1, °C (exothermic)

Peak onset - 220,0

Peak — 247,8

Peak outset - 262,1
Heat effect 2, °C (endothermic)

Peak onset 596,2 574,4

Peak 609,0 591,0

Peak outset 618,0 608,7
Heat effect 3, °C (endothermic)

Peak onset 618,0 608,7

Peak 624,3 619,1

Peak outset 632,4 625,1

of the matrix of sample 1 and 2 varies only slightly. The average Mg
content in the a-Al solid solution of sample 2is 2.2 £ 0.4 wt.% (Fig. 3),
whereas for sample I it is 2.0 £ 0.3 wt.% . In some cases, high Mg con-
centrations up to 3.3—3.8 wt.% were found in both specimens. Meas-
urement of the Mg distribution across the o-Al grain in sample 2
(Fig. 3, b) and dendrite arms in sample I showed a lower Mg concentra-
tion in the centre of the grain or the dendrite arm compared with the
eutectic surrounding.

For both samples, the Mn content in o-Al solid solution was 0.3-0.4
+0.05 wt.%, and no Mn-containing precipitates or separate phases
were observed. In the HPDC alloy (sample 2), the Ti concentration of
0.07 wt.% is close to the detection limit. Its distribution seems to be
inhomogeneous and reaches in some point of 0.33 wt.% . The Si con-
centration in the a-Al grains of sample I and 2 was less than 0.1 wt.%.
The EDX measurements in sample 3 showed a higher Si concentration
in the a-Al grain of about 0.9-1.2 wt.% and for Mg of about 0.17-0.27
wt.% . The average composition of o-Al matrix for all samples is repre-
sented in Table 3.

Eutectic. Sample I and 2 represent different morphologies of the (Al) +
(Mg,Si) eutectic hereby indicating that the formation of eutectic in Al—
Mg—-Si system is sensitive to the cooling rate. Eutectic in sample 1 is
needle shaped (Fig. 2, a), and the thickness of the Mg,Si lamellas is
about 1 um. In sample 2, the eutectic is short and fibrous (Fig. 2, b),
and the average lamella thickness is about 70—-110 nm. The EDX spec-
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Fig. 2. Microstructure of samples 1 (a) and 2 (b). As-cast microstructure of
sample 1 (permanent mould casting) (a). As-cast microstructure of sample 2
(high-pressure die-casting) (b).

tra of the lamellas showed high oxygen peaks. This oxygen contamina-
tion originates from the electrolytic preparation of foils. During elec-
trolytic thinning of Al-Mg—Si alloys, they react with perchloric acid as
follows: Mg,Si + 4HCIO, = 2Mg(ClO,), + 2SiH,. Small amounts of O,
can cause further oxidation of silane SiH,: SiH, + 30, = SiO, + 2H,0.
SiO, remains in the foil, whereas Mg(Cl0O,) can dissolve in the electro-
lyte. Thus, the measured composition is totally changed. In thick areas
of the TEM foil, however, the lamellas were covered by thin protective
layer of aluminium. Measuring here and excluding the Al from quanti-
fication gave a composition of the eutectic lamella, very close to the
stoichiometry of Mg,Si, namely, Mg 62.5 at.% and Si 31.2 at.%.

Fe-containing phase. Inside the eutectic colonies in sample 2, blocky
particles are observed (Fig. 4). Their average size is about 1.5 to 2.5
um. The EDX measurements performed on 15 separate particles
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Fig. 3. Bright field image of separate grain in sample 2 (a) and distribution of
Mg, Mn and Ti across the grain (b).
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Fig. 4. Bright field image of blocky Fe-containing phase in sample 2.

showed that this phase is enriched with Fe, Mn, and Si. The average
composition of this phase is 6.7-7.0 wt.% Fe, 18.0-23.0 wt.% Mn,
2.8-5.1 wt.% Si, 0.0-1.1 wt.% Mg (Al—rest). Measurements avoid-
ing an overlap with matrix and eutectic material give: Fe—4.8 at.%,
Mn—13.8 at.%, Si—3.3 at.% . On this basis, the Fe containing phase
can be identified as o-Al;;(FeMn);Si phase. For samples 1 and 3 pre-
pared on a laboratory scale using pure Al and Mg, no Fe-containing
phase is detected.

Precipitates. The most interesting results were obtained by TEM in-
vestigations of the a-Al grains in samples I and 2, as shown in Fig. 5.
The solid solution grains contain plate-like particles, which can be rec-
ognized best in Fig. 5, a. Here, one sees more than 10 plates, elongated
and aligned in horizontal direction. On their right side, they are con-
nected by a curved line, which could be identified as a dislocation. On
the left side of the micrograph, one can see a vertical slightly curved
line, which is such a dislocation. In this case, the plates protrude into
the image plane and therefore one has free sight on the bounding dislo-
cation.

The exact chemical composition of the precipitates in samples 1 or 2
could not be measured, because the plates are so thin, that the sur-
rounding matrix material contributes much more to the EDX spectrum
than the precipitate. Anyhow, spectra collected from such areas

TABLE 3. Average elements concentrations in a-Al solid solution measured
for samples 1-3.

Sample Elements content, wt.%
Mg Si Mn Al
1 2.20+£0.4 - 0.35£0.05 98.65
2 2.00+£0.3 <0.1 0.41+£0.05 98.53

3 0.19+0.03 0.91+0.07 - 98.78




STRUCTURAL CHARACTERIZATION AND PRECIPITATION IN AlMg5Si2Mn 1605

Fig. 5. Precipitates observed in samples 1 (a) and 2, their morphology (a, c¢)
and distribution (b, d). Bright field image of precipitates in sample 1 aligned
along a dislocation (a). Bright field image of solid solution grains surrounded
by (Al) + (Mg,Si) eutectic in sample 2 (b). Bright field image of precipitates in
sample 2 (marked by arrows). Precipitates are aligned along dislocations (c).
Bright field image of the interlamellar area in sample 2. No precipitates are
observed (d).

showed enrichment by Mg and Si. The TEM investigation of sample 1
performed three hours after casting showed that there are no precipi-
tates inside the o-Al grains. The precipitates appear in samples exam-
ined after 3 days of exposure. Their growth sometimes could be ob-
served directly in the microscope column, when the TEM foil is heated
up by inelastic scattering. In summary, the TEM investigation gives:

—for both samples 1 and 2, precipitates are aligned along disloca-
tions and show a similar morphology;

— precipitation density is much higher in sample 2 than in 1;

— precipitates are distributed only in the solid solution area, not
among eutectic lamellas;

— precipitates are not formed earlier than two days after casting;

— precipitates contain mostly Mg and Si.

From these observations together with the alignment of precipitates
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along dislocations, it can be concluded that the main mechanism of
their formation is heterogeneous nucleation on dislocations during
natural aging of the alloys.

4. DISCUSSION

Temperatures of endothermic processes detected in specimens 1 and 3
are in good agreement with those identified from equilibrium Al-Mg-
Si [8] and Al-Si [9] phase diagrams. Recent DSC studies performed by
Petkov et al. [4] gave eutectic melting point for the commercial
AlMg5Si2Mn alloy of 595.92°C and a peak temperature of 607.1°C,
which is in good agreement with temperatures detected by our DSC
measurements of samples 1 and 2.

Age hardening of Al-Si—Mg alloys is a sequence of precipitations,
namely, GP-zone formation, f” and/or [}’ transitional phases. The exo-
thermic peak at 220—-260°C found in our sample 3 DSC plots corre-
sponds to the precipitation of coherent B” phase in agreement with
what was found by Wang et al. [6]. Such precipitation can take place in
an alloy even by slightly elevated temperatures in as-cast condition, i.e.
without preliminary solution treatment and quenching.

Comparing the heating behaviour of sample 1 and 2, it can be con-
cluded that the thermal history of the sample does not play an essential
role for the reaction temperature. However, for both samples, there
was no low-temperature effect as in sample 3 (see Fig. 2, ¢). This can be
related to the different composition of the solid solution of the investi-
gated samples (see Table 3). The a-Al matrix of sample 3 contains 0.19
wt.% Mg and 0.91 wt.% Si, which is enough to supply a density of p”
phase, which is high enough to be detected by DSC. In contrast, even
for the HPDC sample 2, the average Mg content in solid solution is
about 2.1 wt.%, but the Si concentration is below 0.1 wt.% . Thus, the
precipitates density for samples I and 2 will be much lower and the
heat effect is of below the limit of detection.

The TEM observations clearly show that plate-like precipitates are
present in sample I and 2 in as-cast condition. These particles are
found in the a-Al grains in the centre and close to the eutectic as well.
They are formed without any heat treatment. From their alignment
along dislocations, it is most likely that they form via heterogeneous
nucleation, and that dislocations provide nucleation sites for their
growth. Heterogeneous nucleation of precipitates in Al-Mg,Si alloys
on dislocations is a well-established mechanism during the decomposi-
tion of the solid solution. However, in most cases, this effect is consid-
ered for wrought alloys undergoing artificial aging. For casting alloys
in cast condition, however, the direct formation of such a type of pre-
cipitates is not established yet.

The observation that high dislocation density is connected with a
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high density of precipitates supports our presumption that the nuclea-
tion of precipitates takes place on dislocations. In sample 2, the density
of dislocations is much higher and the precipitation density is larger
than that for sample 1. Probably, the reason for the dislocations is
thermal stresses between o-Al and Mg,Si intermetallics and extrusion
stresses during the HPDC process. When no pressure is applied during
mould filling and solidification (sample 1), the precipitates density is
much lower. Therefore, obviously, pressure plays a more important
role for dislocation generation than thermal stress.

Ravi and Wolverton [10] found that for Mg-rich alloys the for-
mation of Mg,Si; is more favourable energetically. In our alloys, we
found that areas with precipitates show enrichment with Mg and Si.
Therefore, it is most likely that these precipitates are f”-phase.

The strengthening role of precipitates formed via natural ageing can
be simply verified by the results of hardness and microhardness meas-
urements. The highest hardness HB = 95 and microhardness HV 5=
=96 kgf-mm 2 was measured for sample 2, where the precipitation den-
sity is much higher than that for sample 1. The lowest hardness HB =
=73 and HV, s = 69 kgf-mm™ were found for sample 2, where the pre-
cipitate density is lower than in sample 1.

Similar precipitates are observed in as-cast condition of different
casting alloys. Precipitates formed after one week natural aging in the
(Al-Cu) casting alloy A201 cast into permanent mould. Additional re-
search showed similar precipitation behaviour of the Al-Mg—Si—Mn
casting alloys after additional alloying with Sc + Zr, Li, Ti + Zr. This
could be a starting point for the development of Li-containing casting
alloys, where simultaneously density is decreased and strength is im-
proved by precipitation hardening.

5. CONCLUSIONS

The results of study of melting behaviour, microstructure and precipi-
tation in the AIMg5Si2Mn alloy can be summarized as follows:

1. Both samples of AIMg5Si2Mn alloy produced via PM and HPDC
route show similar behaviour on heating. Eutectic melting tempera-
ture is found of 596.2°C, what is about 20°C higher than that of PM
A356 alloy. The latter shows an exothermic effect at low-temperature
part of DSC trace, thus confirming that the decomposition of solid so-
lution may start directly from as-cast state. This low-temperature pre-
cipitation reaction is not observed for AIMg5Si2Mn alloy.

2. Phase morphologies are different for PM and HPDC AIMg5Si2Mn
alloys. In PM casting alloy, where cooling rate is about 2 K-s™, o-Al
grains are dendritic with well-developed branches, whereas HPDC al-
loy (cooling rate of 60 K-s') exhibits rosette-like grains with the size
one order of magnitude lower than PM alloy.
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3. High mechanical properties of HPDC AIMg5Si2Mn alloy are related
to the precipitation of plate-like precipitates, which are heterogene-
ously nucleated on dislocations. These precipitates are most obviously
B”-phase, randomly distributed inside of solid solution grains. Density
of precipitates is related to the density of dislocations. Larger precipi-
tation density is found in HPDC alloy, and they are formed due to ap-
plied pressure on metal during solidification.
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