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The influence of thermal treatment on microstructure
and mechanical properties of the Si-rich AI-Mg—Si—Sc—Zr alloy
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Abstract: The paper studies the Al-Mg—Si alloy that does not contain scandium and zirconium, as well as the silicon-

rich AI-Mg-Si—Sc—Zr alloy. Multistage thermal treatment was carried out for the Al0.3Mg18Si0.3Sc0.15Zr alloy, which
included annealing at a temperature of 440 °C for 8 h, high-temperature annealing at 500 °C for 0.5 h, and artificial aging
at a temperature of 180 °C with soaking for 5 h. The A10.3Mg1Si alloy was annealed at 550 °C for 8 h, and then artificial
aging was carried out similarly to the alloy with Sc and Zr additives. To study the fine structure, transmission electron mi-
croscopy was used. In the as-cast condition and after each stage of thermal treatment, the mechanical properties of the al-
loys were determined. It has been found that in an alloy doped with Sc and Zr, the formation of Al;Sc particles occurs al-
ready at the stage of formation of the cast structure. During subsequent artificial aging, the supersaturated solid solution
decomposes with the formation of B" (MgsSi¢) particles improving mechanical properties. It has been found that in
the scandium-containing alloy, fewer " (MgsSig) particles are formed, as a result of which its strength properties are
slightly worse than those of the base alloy are. Moreover, these particles are larger than in an alloy that does not contain

scandium. This is explained by the fact that complete quenching is impossible for an alloy with scandium additives.
Keywords: Al-Mg—Si—Sc—Zr; excess Si; multistage thermal treatment; artificial aging; TEM; mechanical properties;

A13 SC, Mg5816

Acknowledgements: The study was funded by the Russian Science Foundation grant No. 21-19-00548,

https://rscf.ru/project/21-19-00548/.

For citation: Aryshenskiy E.V., Lapshov M.A., Konovalov S.V., Malkin K.A., Rasposienko D.Yu., Makarov V.V.
The influence of thermal treatment on microstructure and mechanical properties of the Si-rich Al-Mg—Si—Sc—Zr alloy.
Frontier Materials & Technologies, 2023, no. 4, pp. 9-17. DOI: 10.18323/2782-4039-2023-4-66-1.

INTRODUCTION

Aluminium alloys combine high ductility, acceptable
strength, good weldability, and high corrosion resistance,
which determines their high demand in various branches of
modern industry. Some of the most widely used aluminium
alloys are the Al-Mg-Si system alloys. They received
the name “Avial” in Russian literature and found their main
application in aviation and the automotive industry. These
alloys are capable of strengthening during thermal treat-
ment, due to the release of the Mg,Si strengthening phase.
Note that when the ratio Mg/Si<1.73, there is a silicon ex-
cess, and when Mg/Si>1.73, there is a silicon deficiency
[1-3]. A silicon excess accelerates the process of formation
of the B" phase (MgsSig) and contributes to its more even
release [4].

Aluminium alloys are often additionally doped with Sc.
It has a modifying effect on the cast structure, and increases
its strength due to the release of highly dispersed Al;Sc

particles [5—7]. Usually, zirconium is added together with
scandium, which thermally stabilises Al;Sc particles, and
increases the efficiency of the cast structure grinding [8; 9].
At the same time, adding scandium to the AI-Mg-Si sys-
tem does not always lead to an increase in strength proper-
ties. This is caused by the fact that scandium and silicon
tend to combine into the Sc,Si,Al phase, which is not
a strengthening phase. An increase in silicon content leads
to an increase in the probability of the formation of this
phase [10]. Despite this, strengthening Al;Sc nanoparticles
were discovered even in the Al-Mg-Si system alloys, with
a high silicon content [11-13]. However, to simultaneously
obtain Al;Sc and B" (MgsSig) strengthening particles in
alloys with excess silicon, multi-stage thermal treatment is
required. The following sequence may be one of its options:
annealing at 440 °C to precipitate Al;Sc, quenching at
500 °C for 30 min for partial Mg and Si dissolution, and
ageing at 180 °C for 5h to form B" (MgsSig) [14]. At
the same time, the influence of this thermal treatment on
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the formation of mechanical properties and microstructure
in alloys with the Mg/Si<0.6 ratio has not been previously
studied.

The purpose of the study is to investigate the influence
of thermal treatment on the formation of the microstructure
and mechanical properties of the Al-Mg—Si alloy with ex-
cess silicon and additional alloying with Sc and Zr.

METHODS

The work studied the A10.3Mg1Si0.3Sc0.15Zr alloy in
the as-cast condition, as well as after various thermal treat-
ments according to the modes given in Table 1. To assess
the influence of scandium and zirconium, similar studies
were carried out on the base Al0.3MglSi alloy (without Sc
and Zr).

The authors carried out casting to a steel mould to en-
sure the rate of crystallisation and cooling of the cast struc-
ture close to real industrial technology. The weight of
the cast ingots was 4.5 kg. The following materials were
used as a charge for the alloy: A85 aluminium, MG90 mag-
nesium, Al;,Si alloy, Al-Sc, and Al-Zr; alloys. The casting
temperature was 720-740 °C. Before pouring the molten
metal into the mould, it was refined with carnallite flux,
added at the rate of 5 g per 1 kg of charge. After this, scale
was removed from the molten metal surface and the metal
was poured into a steel mould with a uniform casting time
of 40 s. Thermal treatment of the samples was carried out in
a muffle electric furnace with water quenching, after which
their mechanical properties were determined.

The sizes and morphology of fine particles were studied
using transmission electron microscopy (TEM), for
the thermal treatment modes given in Table 1. The study
was carried out on a Tecnai G2 30 Twin high-resolution
microscope equipped with an EDAX energy dispersive
X-ray analysis system at an accelerating voltage of 300 kV
using standard techniques: light-field, dark-field images and
electron microdiffraction. The linear dimensions of the struc-
tural elements were determined by direct measurements in
the observation plane.

Sample preparation was carried out on Metaserv 250,
TenuPol-5, Ultratonic Disk Cutter, PIPS II devices using
instrumental methods.

Mechanical properties were determined on a universal
testing machine (Zwick/Roell Z050) according to ISO
6892-1 in the as-cast state, and for each thermal treat-
ment step. The dimensions of the samples were selected
in accordance with DIN 50125. The properties obtained

during the tests, such as the yield strength (o,,) and
the tensile strength (o) were calculated in accordance
with GOST 1497-84 and GOST 11150-84.

RESULTS

In the cast structure of the A10.3Mg1Si0.3Sc0.15Zr al-
loy, the strengthening phase particles were discovered hav-
ing different morphologies (Fig. 1). At the same time, in
some grains, particles were found that had an equiaxial
shape, while in others, they were needle-shaped. Equiaxial
particles, the average size of which is 30—40 nm, precipitate
relatively uniformly in the grain volume (Fig. 1a). In
the structure of grains where needle-shaped particles are
present, zones free from precipitation are observed, their
width is ~500 nmy; i. e., with relatively dense aggregates of
needle-shaped particles, the precipitation of equiaxial
dispersoids in such zones is completely absent. Moreover,
in the single grain volume, as a rule, only one orientation of
needle-shaped particles is observed among all crystal-
lographically equivalent ones (Fig. 1 b). From this, one can
conclude that for favorable growth of such particles, an
appropriate grain orientation (relative to the temperature
gradient during crystallisation) is necessary. From the ana-
lysis of the TEM results, it follows that all the observed
particles were formed during the discontinuous precipita-
tion of a supersaturated scandium solution during the mo-
vement of grain boundaries.

Using TEM, Sc-based phases were detected in a sample
after annealing the A10.3Mg1Si0.3Sc0.15Zr alloy for 8 h at
a temperature of 440 °C. They are represented in the form
of needle-shaped precipitations with a diameter of up to
40 nm and a length of several microns. Their high volume
fraction with a relatively low distribution density should be
noted. Moreover, equiaxial particles with a diameter of
20 nm are observed (Fig. 2 ¢); they are arranged in chains,
which, apparently, can be associated with the Al;Sc phase
heterogeneous nucleation on dislocations. Note that needle-
shaped precipitations, like equiaxial ones, are apparently
previously discovered particles of the Al;Sc type, released
as a result of continuous precipitation during cooling of
the cast blank (Fig. 2).

In the Al0.3Mg1Si0.3Sc0.15Zr alloy after annealing ac-
cording to the mode (440 °C, 8 h) + (500 °C, 0.5h) +
+ (180°C, 5h) (Fig.3), rod-like precipitations with
a length of 500 nm and a diameter of about 200 nm contain-
ing Al, Si, Sc, and Zr are observed. Considering the size
and morphology of the particles mentioned above, one

Table 1. Scheme of thermal treatment of alloys
Tabnuya 1. Cxema mepmuueckou 0opabomku cniagos

Alloy

Thermal treatment

440°C, 8 h

Al0.3Mg18Si0.3Sc0.15Zr

(440 °C, 8 h) + (500 °C, 0.5 h)

(440 °C, 8 h) + (500 °C, 0.5 h) + (180 °C, 5 h)

Al0.3MglSi

(550 °C, 8 h) + (180 °C, 5 h)
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a

Fig. 1. Electron microscopic images of the microstructure
of the A10.3Mg18i0.3S5¢c0.15Zr alloy in the as-cast condition:
a, b — light-field images
Puc. 1. DrexmponHo-Mukpockonuueckue uz00paxicenss MUKpOCmpyKmypol
cnaaea A10,3Mg1Si0,3S¢0,15Zr 6 aumom cocmosnuu:
a, b — ceemaononvuvie uzobpastcenus

could assume that these particles represent an equilibrium
Sc,Si,Al phase, which is apparently capable of partially
dissolving zirconium. Evidently, even short-term heating at
a temperature of 500 °C is enough for its formation. Parti-
cles released during discontinuous precipitation after cast-
ing, are observed along the grain boundaries (Fig. 3 a, 3 b).

After artificial ageing at 180 °C for 5 h, the B" phase
(MgsSig) becomes the main strengthening phase for an alloy
of this composition, which precipitates in the form of rods
up to 70 nm long (Fig. 4 a). The quite high volume fraction
and the size of B" particle should be noted, as indicated by
the pronounced reflexes of this phase in the corresponding
electron diffraction patterns (Fig. 4 b). Moreover, despite
the rather large sizes of the B" precipitates, they retain their
coherence with the aluminium matrix.

In the Al0.3MglSi alloy, the precipitation of Si-based
phases is observed in the form of irregular-shape polygons,
with dimensions up to 300 nm, which are apparently formed
during the process of heating for quenching (Fig. 5 a). Dur-
ing artificial ageing at 180 °C for 5 h, highly dispersed
needle-shaped precipitations of the Guinier — Preston zone
and B" phase are formed (Fig.5b, 6a). In general,
the pattern is similar to the A10.3Mg1Si0.3Sc0.15Zr alloy
after three-stage thermal treatment; however, one should
note that in the base alloy, more Mg;Sis strengthening
particles were found.

Fig. 7 represents the mechanical properties of the alloys
under consideration in the as-cast state and after thermal
treatment. In the as-cast condition, scandium and zirconi-
um additives can significantly increase the properties of
the alloy: yield strength by 32 MPa, tensile strength by
60 MPa. Annealing of Al0.3Mgl1Si0.3Sc0.15Zr alloy at
440 °C for 8 h does not lead to a significant change in
the yield strength and causes a decrease in the tensile
strength by 32 MPa. Three-stage annealing of an alloy
doped with Sc and Zr according to the route (440 °C, 8 h) +

+ (500°C, 0.5h) + (180°C, 5h), increases the yield
strength by 8 MPa and the tensile strength by 17 MPa rela-
tive to the as-cast state. However, the base alloy after heat-
ing for quenching followed by artificial ageing (550 °C,
8 h) + (180 °C, 5h) has significantly higher indicators —
the yield strength increased by 106 MPa, the tensile
strength increased by 70 MPa.

DISCUSSION

It has been found that the A10.3Mg1Si0.3Sc0.15Zr alloy
in the as-cast state has higher strength indicators, which is
primarily due to the appearance of the Al;Sc type particles,
both semi-coherent and fully coherent to the aluminium
matrix. Note that silicon significantly accelerates disconti-
nuous precipitation, and actually makes the appearance of
such particles inevitable [7].

Further annealing (440 °C, 8 h) does not lead to a signi-
ficant change in the yield strength, and causes a decrease in
the tensile strength. This is firstly related to the fact that
the essential part of scandium precipitates from the super-
saturated solid solution, when the ingot cools during
the casting process, after which new strengthening particles
are no longer formed. A decrease in strength properties can
be caused as well by the release of magnesium in the form
of Mg,Si particles from a supersaturated solid solution,
which, according to calculations represented in [15], begins
at temperatures below 500 °C.

After final artificial ageing, the strength indicators in
the alloy with scandium additives increase slightly, primari-
ly due to the formation of B" particles (MgsSic), the pre-
sence of which is confirmed by TEM data. At the same time,
the increase in strength caused by them is small in compari-
son with the base alloy, and the reason for this is the large
size of these particles. In the base alloy, a larger number of
B" particles (MgsSis) are formed, during ageing compared
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d

Fig. 2. Electron microscopic images of the microstructure of the Al0.3Mg1Si0.3Sc0.15Zr alloy
after annealing at 440 °C for 8 h:
a — light-field image;

b, ¢ — darkfield images in reflex (110)

Al;Se”

d — microelectronogram (zone axis IZEJ .

Puc. 2. Dnexmponno-muxpockonuueckue uzoopasicenus muxpocmpykmypwi cnaasa Al0,3MglSi0,3Sc0,15Zr
nocne omoscuea npu 440 °C 6 meuenue 8 u:
a — cemIoNoNbHOE U300padicenue;

b, ¢ — memnononvrvie usobpasicenus ¢ pegprexce (110)

Al;S¢”

d — mukpoanexkmporozpamma (0co 30HvL) [23] ul

to an alloy containing scandium, which causes a more signi-
ficant increase in strength. This is related to the fact that in
the base alloy, it is possible to carry out complete quenching
at a temperature of 550 °C and holding for 8 h. This mode
allows magnesium to dissolve and thereby contributes to
the release of a much larger number of B" particles (MgsSi).
At the same time, it is impossible to carry out full
quenching in an alloy containing scandium, since it will
completely neutralise the strengthening effect of Al;Sc par-
ticles. This is explained by the fact that when heating to

a temperature of 550 °C and holding for 8 h, coagulation of
particles occurs resulting in that the strengthening effect
they cause is completely lost. Thus, scandium additives to
Al-Mg-Si alloys cause a significant increase in strength,
only in the as-cast state at the stage of the supersaturated
solid solution decomposition. Subsequent stages of thermal
treatment do not allow precipitating fully both types of
strengthening particles. As a result, the mechanical proper-
ties of the base alloy are higher than the properties of
the alloy containing scandium.

12

Frontier Materials & Technologies. 2023. Ne 4



Aryshenskiy E.V., Lapshov M.A., Konovalov S.V. et al. “The influence of thermal treatment on microstructure and mechanical...”

W EC Bright Field Point 1

Sc

Sc

| .
1.0 2.0 3.0 4.0 2.0
Energy (kev)

c d
Fig. 3. Electron microscopic images of the A10.3Mg1Si0.3Sc0.15Zr alloy microstructure
after annealing at (440 °C, 8 h) + (500 °C, 0.5 h) + (180 °C, 5 h):
a — light-field image;
b — dark-field image in the (100)Al3(Sc,Zr) phase reflex;
¢ — light-field image in transmission scanning mode (STEM);
d — spectrum of characteristic radiation at point 1 in Fig. 3 ¢
Puc. 3. Dnexmponno-muxpockonuueckue uzoopasicenus muxpocmpykmypwt cnaasa Al0,3Mgl8i0,3Sc0,15Zr
nocne omacuea no pexcumy (440 °C, 8 1) + (500 °C, 0,5 v) + (180 °C, 5 u):
a — ceemionobHoe uz06pasicenue;
b — memnononvnoe uzobpasicenue 6 pegpnexce asui (100)Al3(Sc,Zr);
€ — C6eMIIONOIbHOE U300padICeHUe 6 pedicume ckanuposanus Ha npocsem (STEM);

d — cnexmp xapaxmepucmuueckozo usnyuenus ¢ mouxe 1 na puc. 3 ¢
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a b

Fig. 4. Electron microscopic images of the A10.3Mg1Si0.3Sc0.15Zr alloy microstructure
after annealing at (440 °C, 8 h) + (500 °C, 0.5 h) + (180 °C, 5 h):
a — dark-field image in phase reflexes;
b — microelectronogram, zone axis [001] 4
Puc. 4. Dnexmporno-mukpockonuueckue uzoopasicenus muxpocmpykmypwi cnaasa Al0,3Mg18i0,3Sc0,15Zr
nocne omoicuea no pexcumy (440 °C, 8 u) + (500 °C, 0,5 u) + (180 °C, 5 u):
a — meMHONOIbHOE U300padicenue 6 peekcax gas;
b — muxposnexmponoepamma, oco 30nul [001] 4

a b

Fig. 5. Electron microscopic images of the A10.3Mg1Si alloy microstructure
after annealing at (550 °C, 8 h) + (180 °C, 5 h):
a, b — light-field images
Puc. 5. Dnexmpouno-muxpockonuueckue uzoopasicenuss mukpocmpykmypui cnaasa Al0,3Mg1Si
nocne omoscuea no pesxcumy (550 °C, 8 u) + (180 °C, 5 u):
a, b — ceemnononvusie uzobpasicenus

14
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a

b

Fig. 6. Electron microscopic images of the Al0.3Mg1Si alloy microstructure
after annealing at (550 °C, 8 h) + (180 °C, 5 h):
a — dark-field image in phase reflexes; b — microelectronogram
Puc. 6. DnekmporHo-MUKpoCcKonuyeckue uzoopasicenus Mukpocmpykmypul cnaasa Al0,3MglSi
nocne omoicuea no pexcumy (550 °C, 8 u) + (180 °C, 5 u):

a — meMHONoIbHOEe U300padicerue 8 pegnexcax gas, b

250

— MUKPOINEKMPOHOcpAMMA

50
Bl AI0.3Mg1Si lﬁ AID.3Mg1Si
B AI0.3Mg1Si0.35¢0.15Zr I A10.3Mg1Si0.3S¢0.15Zr
— 200 =200 4
g a
= =3
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Thermal treatment mode
Thermal treatment mode
a b
Fig. 7. Mechanical properties of the alloys under consideration after thermal treatment:
a — yield strength; b — tensile strength
Puc. 7. Mexanuueckue colicmea paccmampusaemvlx CRIA608 NOCAE MEPMULECKOU 00pabomKu.:
a — npeden mexyuecmu, b — npeden npounocmu

CONCLUSIONS the fact that the precipitation of the bulk of scandium from

1. In Al-Mg-Si series alloys with additional Sc and Zr
alloying, improved mechanical properties are observed in
the as-cast state compared to the base alloy. The main
reason for this is the formation of strengthening Al;Sc
type particles precipitated during the cooling process of
the cast structure. Solid solution strengthening with scan-
dium and zirconium also contributes to improving me-
chanical properties.

2. Annealing at 440 °C does not lead to a significant in-
crease in the number of Al;Sc particles. This is related to

the solid solution occurs at the stage of cooling the ingot.
The yield strength at this stage of thermal treatment does
not change, but the tensile strength decreases. The decrease
in this indicator is associated, primarily, with the magnesi-
um release from the supersaturated solid solution.

3. Artificial ageing at 180 °C for 5 h leads to the for-
mation of strengthening B" particles (MgsSi¢), which signi-
ficantly increase the mechanical properties in both types of
alloy. However, in the base alloy, the number of these par-
ticles is larger, and the strengthening effect they cause is

Frontier Materials & Technologies. 2023. Ne 4
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higher. This is primarily related to the fact that for an alloy
without Sc and Zr, complete hardening is possible (550 °C,
8 h) promoting the dissolution of Mg and Si.
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Annomayusn: B padote uccnenoBaics cimiaB Al-Mg—Si, He cojiepKalnii CKaHaAnsl U IIMPKOHUS, a Takke cruiaB Al—
Mg—Si—Sc—Zr ¢ u30biTkoM Kpemuus. s crutasa Al0,3Mgl1Si0,3Sc0,15Zr Obuta mpoBeicHa MHOTOCTYIICHYATAsE TEPMUYe-
ckast 00paboTKa, BKIIOYaromas B ceds omkur npu temrnepatype 440 °C B TeueHue 8 4, BHICOKOTEMIIEPATYPHBIA OTXKHT ITPH
500 °C B teuenue 0,5 9 1 ucKyccTBeHHOE cTtapeHue npu teMiepatype 180 °C ¢ Beraepxkkoit 5 4. Cruias Al0,3MglSi moa-
Beprajcs orxury npu 550 °C B Tedenue 8 4, 3aTeM IPOBOIMIOCH HCKYCCTBEHHOE CTapEeHHE aHAJIOTHYHO CIUIABY ¢ 0OaB-
Kamu Sc 1 Zr. [l u3y4eHust TOHKOH CTPYKTYpBI IPOBOAMIIOCH UCCIIEI0BaHNE TIPH IIOMOIIH ITPOCBEYHMBAIOIIECH IEKTPOH-
HOW MHMKPOCKOITMH. B JTMTOM COCTOSIHUH M 1ocie KaX 10 CTaun TePMHIECKOH 00pabOTKH ONpeessuINCh MEXaHNIeCKUe
CBOHCTBA CIUIaBOB. Y CTAHOBJICHO, YTO B CIUIaBE, JETMPOBAHHOM SC U Zr, yXKe Ha CTaAuu (GOPMUPOBAHUS JIUTOH CTPYKTY-
pBl poncxoaut odpazosanue dactuil Al;Sc. IIpu mocienyromemM HCKyCCTBEHHOM CTapEeHWH HMPOUCXOIHUT pacmaj mepe-
CBILIICHHOTO TBEPOI0 pacTBopa ¢ obpazoBanueM yactuil B" (MgsSig), yaydIarmmux MEXaHUHIeCKUe CBOMCTBA. Y CTaHOB-
JICHO, YTO B CIUIaBE C COJEP)KaHUeM cKaHaus popmupyercs MeHblie yactul B" (MgsSig), B pe3ynbrare ero npo4HOCTHbIC
CBOMCTBA HECKOJBKO XyKe, ueM y 0a3oBoro ciuaBa. KpoMe Toro, JaHHbIe YacTHIIBI KPYTIHEE, Ye€M B CIUIaBe, HE COfepiKa-
LIeM CKaHAMH. DTO OOBSICHAETCS TEM, UTO JJISl CIUIaBa CO CKAaHJMEBbIMU J00aBKaMH HEBO3MOXKHO IPOBE/ICHHUE MOJHOLIEH-
HOM 3aKaJKu.

Knrouesvte cnosa: Al-Mg—Si—Sc—Zr; n30bITOK Si; MHOTOCTYIICHYATass TepMHUYecKas 00paboTKa; UCKYCCTBEHHOE CTa-
penue; [I19M; Mmexanudeckue cBoiictBa; Al;Sc; MgsSig.
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