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Abstract—Metallographic analysis, hardness and electrical resistivity measurements, and tensile tests are
used to study the behavior of Al–Mg2Si alloys with (Sc + Zr) transition metal additions during aging per-
formed after preliminary deformation under different conditions. It is shown that the decomposition of the
supersaturated solid solution in the Al–Mg2Si alloys with (Sc + Zr) transition metals and without them
occurs in the same manner. However, the strength properties of the alloys with transition metals are higher
than those of the alloys free from the transition metals because of substantial refining of solid-solution grains
and a high density of dispersoid (Sc1 – xZrx)Al3 aluminide particles. A peak hardness is observed for the alloys
after quenching, equal channel angular pressing (ECAP), and aging. However, cold rolling after quenching
before aging leads to an increase in the strength properties to a greater extent than ECAP performed under the
same conditions.
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INTRODUCTION
Alloys of the Al–Mg–Si system, the compositions

of which are close to the pseudo-binary Al–Mg2Si
section, are among the precipitation-hardening alloys,
which are hardened as a result of quenching and sub-
sequent aging. At the stage of decomposition of the
aluminum solid solution (which ensures almost a peak
hardness), needlelike β"-phase crystals form, the crys-
tal lattice of which is completely coherent with the
matrix. At the next stage of decomposition, which is
characterized by some softening after reaching the
peak hardness, more coarse rods of the next β' phase
form; at the final stage of decomposition, particles of
the stable Mg2Si phase form [1].

Combined scandium and zirconium additions to
Al–Mg–Si alloys do not change the character of
decomposition of the supersaturated aluminum solid
solution as compared to that for the alloys free from
transition metals but favor an increase in the recrystal-
lization temperature and more fast hardening at the
expense of precipitation of (Sc1 – xZrx)Al3 aluminide
particles from the solid solution [2]. However, the
presence of scandium in Al–Mg–Si alloys can lead to
a decrease in the hardening effect during artificial
aging. The most probable explanation of the lesser
hardening effect during aging of the studied alloys with
transition metals (Sc or Sc + Zr) can be the fact that

the metals refine aluminum solid solution grains. In
this case, the amount of grain and subgrain boundaries
in the alloys increases, which are preferable sites for
the precipitation of particles formed upon the decom-
position of the aluminum solid solution and being
incoherent with it. Therefore, the amount of particles
formed upon the decomposition of the aluminum
solid solution, which are coherent with it, decreases,
and the peak hardening of Al–Mg2Si alloys during
artificial aging is reached only at the expense of these
particles. In contrast to artificial aging, natural aging
of Al–Mg2Si alloys with transition metals (Sc or Sc + Zr)
leads to a certain increase in the hardness as a charac-
teristic of the strength properties. This corresponds to
the fact that the decomposition of the aluminum solid
solution is independent of the presence of such addi-
tions (Sc or Sc + Zr) at this stage [3].

The application of severe plastic deformation
(SPD), in particular, equal-channel angular pressing,
leads to more active decomposition of the supersatu-
rated solid solution along with the substantial grain
refining in the aluminum solid solution and to the
preparation of a material with high strength properties.
The effect of SPD on the microstructure, the mechan-
ical properties, and the precipitation of strengthening
phases during aging of Al–Mg–Si alloys (series 6xxx)
was studied in many works [4–9].
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Table 1. Results of chemical analysis of the experimental Al-based alloys

Alloy
Content in alloy, %

Mg2Si, %
Element excess, %

Si Mg Ti Sc Zr Mg Si

1 0.53 0.85 0.045 – – 1.34 – 0.04
2 0.46 0.82 0.045 0.19 0.1 1.29 0.003 –
When studying the kinetics of precipitation of
strengthening phases during aging after ECAP [4], it
was shown that the precipitation of β'- and β"-phase
particles depends on the number of passes; as the
number of passes during ECAP increase, their precip-
itation occurs at a lower temperature. In this case,
scandium-containing alloys exhibit higher stability of
grains.

According to [5], as the number of passes during
ECAP increases, the refining of initial grains in the
structure of AA6063 alloy with a high degree of super-
saturation leads to a substantial increase in the
strength and plasticity.

The studies of the effect of ECAP and precipitation
hardening on the mechanical properties of 6063 alloy
(Al–Mg–Si) [6] showed that, after ECAP, the yield
strength and the ultimate strength increase by 2 and
3 times, respectively. After natural aging, a micro-
structure and mechanical properties remain almost
unchanged; however, after artificial aging at 180°C,
the plasticity of the material increases and the harden-
ing slightly decreases because of the annihilation of
dislocations during heat treatment. It can be assumed
that, individually, ECAP and aging improve some
mechanical properties and degrade others; however a
combination of the two processes unambiguously
improves the strength properties of a material.

The evolution of the microstructure of an A6082
alloy (0.51% Si, 0.34% Mg) alloy with Zr and Zr + Sc
additions after ECAP (route Bc, 8 passes) was
described in [7]. The evolution of the microstructure
of the alloy free from the additions depends on the
presence of Mg2Si and Si particles. The microstruc-
ture of the alloys with the additions (Zr and Zr + Sc)
is stabilized by dispersoids. The hardening effect at the
expense of Si particles in the completely annealed
material is mainly due to the effect of Mg2Si particles,
whereas metastable β"-phase particles in the material
subjected to SPD exhibit a widespread tendency to
fragmentation; fine particles are more efficient within
dislocations.

In [8], differential scanning calorimetry (DSC) was
used to analyze the precipitation of phases during
dynamic and static aging of Al–Mg–Si alloys, and the
sequence of precipitation of strengthening β"- and
β'-phase particles was revealed in accordance with the
temperature of static and dynamic aging. The study of
static aging at 191°C for 2, 4, and 10 h showed the pres-
ence of peaks corresponding to the β" and β'-phases at
RUSSIAN METALLURGY (METALLY)  Vol. 2019  No.
all temperatures. Dynamic aging was studied after
solid-solution treatment and subsequent ECAP at 20,
110, 170, 191, and 300°C. DSC showed that, at room
temperature and 300°C, the peaks of the β" and
β' phases are absent in the DSC curves of samples sub-
jected to ECAP; at 170 and 190°C, the β'-phase peaks
are completely suppressed. These results confirm that
the β" and β' phases were precipitated upon dynamic
aging; in other words, during dynamic aging, the pre-
cipitates appear in samples after ECAP before DSC.

The effect of excess magnesium and silicon in the
alloys corresponding to the pseudobinary section on
the precipitation of disperse strengthening particles
upon isothermal aging was studied in [9]. In the case
of excess magnesium, after precipitation of β"-phase
needles, β'-phase particle precipitate, which are in the
form of rods; after that, plates of equilibrium β phase
precipitate. In the case of excess silicon, platelike Si
precipitates are present in the structure.

In the present work, the effect of different condi-
tions of deformation and heat treatment before aging
on the microstructure and the strength properties of
Al–Mg–Si alloys with combined Sc + Zr additions is
studied.

EXPERIMENTAL
The studies were performed using alloys prepared

from high-purity metals (no less than 99.8% purity).1

The magnesium and silicon contents in the alloys were
taken to be close to those corresponding to the
pseudobinary Al–Mg2Si section; the content of Mg2Si
in the alloys was ~1.4%. The alloys are based on alu-
minum. The contents of other elements (%) are
0.8 Mg, 0.46 Si, and 0.05 Ti; additionally, the alloys
contain 0.2% Sc and 0.15% Zr. Table 1 shows results of
chemical analysis performed by atomic emission spec-
troscopy using inductively coupled plasma. According
to the data, the compositions of the alloys agree ade-
quately with the charge compositions. The content of
Mg2Si is ~1.3%; there is a slight silicon excess in the
alloy free from (Sc + Zr) additions. Thus, the compo-
sitions of the alloys almost correspond to the pseudo-
binary Al–Mg2Si section.

The alloys for investigation were prepared using an
electric resistor furnace and a graphite–chamotte cru-
cible. Silicon and transition metals were made a part of

1 From here on, the compositions are given in wt %.
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Fig. 1. Variations of the hardness of (a) Al–Mg2Si and
(b) (Sc + Zr)-containing Al–Mg2Si alloys subjected to
different treatments and subsequently aged at 170°C for
different times τag: (1) quenching, (2) cold rolling,
(3) quenching + cold rolling, and (4) quenching + ECAP.
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the melt using preliminary prepared master alloys;
magnesium was made a part of the melt using the pure
metal. The alloys were cast into a steel three-hole
mold at ~720°C; the diameter and the height of each
hole were 25 and 120 mm, respectively. After casting
and turning of ingots to a diameter of 20 mm, they
were subjected to homogenizing annealing at 480°C
for 4 h. One of the ingots of each composition was sub-
jected to cold rolling to form rods 8 × 8 mm in section
(drawing ratio was μ = 4.9). Half the rod was retained
in the cold-rolled state; the other half and two other
ingots of each composition were heated to 525°C, held
for 2 h, and subjected to water quenching at room tem-
perature. To prevent natural aging, the quenched
ingots were stabilized at 150°C for 20 min. After
quenching and stabilization, the ingots were subjected
to either cold rolling (μ = 4.9) or ECAP using 6 passes,
120° channel intersection angle, and Bc route, i.e.,
after each pass, the ingot was rotated about its longitu-
RU
dinal axis through an angle of 90°. The true strain was
ε = 5.4. After the aforementioned treatments, the rods
were subjected to aging at 170°C for 0.5 to 100 h.

The samples were studied using hardness and elec-
trical resistivity measurements, mechanical tests, and
metallographic analysis. The Brinell hardness was
measured at a load of 625 N by the indentation of a ball
2.5 mm in diameter using an IT-5010-01M tester
equipped with an electronic calculation system. The
electrical resistivity of the alloys was measured using a
BSZ-010-2 microhmmeter and cylindrical samples
having a gage length of 27.5 mm and a diameter of
6 mm. Sections for metallographic studies were pre-
pared by grinding using abrasive papers with progres-
sively decreasing abrasive particle sizes and subse-
quent polishing using a cloth and a water suspension of
chromium oxide; final etching was performed using
Keller’s reagent, which is an aqueous solution of nitric
(2.5 cm3), hydrochloric (1.5 cm3), and hydrofluoric
(0.5 cm3) acids.

Polarized light microscopy was performed using
sections first subjected to electrolytic polishing in an
electrolyte consisting of 400 mL orthophosphoric acid
(the density is 1.54 g/cm3), 100 mL sulfuric acid (the
density is 1.84 g/cm3), 50 g chromium anhydride, and
25 mL water. The heating temperature of the electro-
lyte was 70–90°C; the voltage and current density
were 15–20 V and 0.8 A/cm3, respectively. Electrolytic
polishing was carried out for 1–3 min. After that, the
section surface was oxidized at room temperature for
3 min using a 1.8% aqueous solution of HBF4, a volt-
age of 13 V, and a current of ~1 A.

The mechanical properties were studied by tensile
tests on samples 3 mm in diameter, which were cut
along the longitudinal axis; the tests were conducted at
a tensile rate of ~1 mm/s using an Instron-3382
machine.

RESULTS
Figures 1a and 1b show the hardness of the Al–

Mg2Si alloys without and with transition metals,
which were subjected to various treatments, as func-
tions of the time of artificial aging at 170°C. It is seen
that the hardness of the alloys with Sc + Zr (see
Fig. 1b) is higher than that of the unalloyed (with the
transitions metals) Al–Mg2Si alloys (see Fig. 1a). In
both cases, the alloys subjected to ECAP (after
quenching) exhibit peak properties (Fig. 1, curves 4).
The alloys subjected to quenching and subsequent
aging (without intermediate deformation) exhibit the
lowest hardness (see Fig. 1, curves 1). However, after
reaching a peak hardness on 16-h aging, the alloys
retain an unchanged hardness upon aging for 100 h,
whereas the alloys subjected to treatment under other
conditions begin to loss the hardness after reaching a
peak hardness upon aging for 8–16 h. This is espe-
cially true of the alloys subjected to ECAP. Data on the
SSIAN METALLURGY (METALLY)  Vol. 2019  No. 5
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Fig. 2. Variations of the electrical resistivity of (1) Al–
Mg2Si and (2) (Sc + Zr)-containing Al–Mg2Si alloys during
(a) natural aging and (b) artificial aging at 170°C.
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Fig. 3. Mechanical properties of alloys 1 and 2 after treat-
ment under different conditions: (I) cold rolling + aging at
170°C for 8 h, (II) quenching + aging at 170°C for 16 h,
(III) quenching + cold rolling + aging at 170°C for 8 h, and
(IV) quenching + ECAP + aging at 170°C for 1 h.
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electrical resistivity of the quenched alloys subjected to
natural (Fig. 2a) and artificial (Fig. 2b) aging indicate
the decomposition of the supersaturated solid solution.

Figure 3 shows the results of tensile tests of alloys 1
and 2 (see Table 1) subjected to different treatments.
Preliminary, the samples were annealed at 170°C for
the time that ensures reaching the peak hardness in
accordance with the data in Fig. 1. After cold rolling
and annealing at 170°C, the unalloyed compositions
and compositions alloyed with (Sc + Zr) exhibit
higher strength properties (regimes I and III) as com-
pared to those of the quenched and subsequently aged
alloys (regime II).

The microstructure of the alloys in different states
was studied (Figs. 4, 5). The structure of the cast alloys
(Fig. 4a) consists of the Al-based solid solution den-
drites; the second phases in the form of Mg2Si magne-
sium silicide particles and (Sc, Zr)Al3 transition metal
aluminides are observed between dendrite arms. After
homogenizing annealing at 480°C for 4 h, second
RUSSIAN METALLURGY (METALLY)  Vol. 2019  No.
phases are partially dissolved in the aluminum solid
solution; a small amount of undissolved second phases
is observed along grain boundaries and within solid
solution grains (Fig. 4b). After cold rolling (Fig. 4c),
grains and second-phase precipitates are located along
the rolling direction; after ECAP (Fig. 4d), the struc-
ture of the alloys in the longitudinal direction is a ran-
dom mixture of refined grains characterized by frag-
mentation.

The microstructure of the alloys is most visible in
studying with polarized light (see Fig. 5). Figures 5a, 5b
show the microstructure of the alloys quenched after
heating to 525°C. It is seen that the combined (Sc + Zr)
additions favor substantial solid-solution grain refin-
ing. Cold rolling performed after quenching leads to
the formation of the structure characterized by grains
elongated along the rolling direction (Figs. 5c, 5d); the
compositions alloyed with the transition metals are
characterized by finer grains (see Fig. 5d). The micro-
structure of the quenched alloys subjected to ECAP, in
the center of ingot and at the longitudinal edge
(Figs. 5e, 5f), indicates a substantial crystal lattice dis-
tortion of aluminum solid solution grains.

DISCUSSION

An analysis of the dependence of the electrical
resistivity of the alloys on the time of aging at 20°C
allows us to conclude that, during natural aging, the
 5



528 BOCHVAR et al.

Fig. 4. Microstructure of (a, b) Al–Mg2Si and (c, d) (Sc + Zr)-containing Al–Mg2Si alloys in different states: (a) cast,
(b) homogenized, (c) cold-rolled, and (d) after ECAP.
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electrical resistivity progressively increases up to
= 8 h and, after that, becomes almost unchanged

(see Fig. 2a). According to data of [10], the formation
of metastable β"-phase particles takes place, which are
coherent with the matrix. The subsequent artificial
aging at 170°C (see Fig. 2b), which was performed
directly after quenching, demonstrates a decrease in
the electrical resistivity up to  = 8 h; then, the rate
of decrease in the electrical resistivity decreases and,
after 16-h aging, varies insignificantly. The electrical
resistivity of the alloys with (Sc + Zr) additions (see
Fig. 2b, curve 2) decreases more actively and the
decrease becomes slower after 16-h aging. The associ-
ated variations of the hardness of the alloys without
additions and with (Sc + Zr) additions (see curves 1 in
Figs. 1a, 1b) show that, as the aging time increases, the
hardness increases and reaches an unchanged value at
τag = 16 h; this corresponds to the change in the elec-
trical resistivity given in Fig. 2b. Reaching the peak
hardness is related to the precipitation of needle-like
β"-phase crystals in the aluminum solid solution; the
crystal lattice of the phase is completely coherent with
the matrix.

°τ20 C
ag
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The higher hardness and electrical resistivity of the
alloys with the (Sc + Zr) addition are related to the
substantial refining of solid solution grains after
quenching (see Figs. 5a, 5b) and a high density of
(Sc1 – xZrx)Al3 dispersoids. Electron-microscopic
studies of the alloys subjected to quenching and aging
at 170°C for 16 and 50 h, which were performed previ-
ously [3], showed the presence of a great amount of
dispersoids in the alloy structure and the appearance
of the metastable β' phase in the structure of overaged
alloy. The dispersoids are (Sc1 – xZrx)Al3 aluminide
precipitates surrounded by elastic deformation in the
form of dark half moons; the spherical precipitates are
between the half moons [11]. The presence of these
dispersoids favors higher strength characteristics of the
alloys containing scandium and zirconium.

The quenched alloys subjected to cold rolling or
ECAP and alloys subjected to rolling after homogenizing
annealing without quenching exhibit another behavior
during aging. As is seen from Fig. 1 (curves 2–4), the
hardness of the alloys corresponds to the hardness of
the deformed metal. For the alloys free from transition
metals, a slight increase in the hardness is observed in
the case of the following regimes of treatment:
quenching + ECAP and 1-h aging (curves 4), quench-
SSIAN METALLURGY (METALLY)  Vol. 2019  No. 5
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Fig. 5. Microstructure (polarized light) of (a, c) Al–Mg2Si and (b, d–f) (Sc + Zr)-containing Al–Mg2Si alloys (along the rolling
direction) in different states: (a, b) after quenching, (c, d) after quenching and cold rolling, and (e, f) after quenching and ECAP
(edge and center of sample, respectively).
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ing + cold rolling and 4-h aging (curves 3), and cold
rolling without preliminary quenching and 8-h aging
(curves 2). It is seen that, after slight increase in the
hardness, softening takes place. Softening of the alloys
with (Sc + Zr) takes place after slightly more pro-
longed holdings. The fact that the alloys are weakly
aged is related to large lattice distortions of the alumi-
RUSSIAN METALLURGY (METALLY)  Vol. 2019  No.
num solid solution during cold rolling and ECAP, an
increase in the density of dislocations, and a high
amount of metastable phases precipitated within solid
solution grains and at their boundaries. The strength-
ening β" and β' phases precipitated during deforma-
tion prevent the motion of dislocations and, therefore,
softening to a greater extent as compared to the effect
 5
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of the dispersed phases precipitated from the solid
solution during subsequent aging. Images of the
microstructure show the existence of a great amount
of dispersed phases along boundaries of deformed
grains (see Figs. 4c, 4d) and substantial oblongness of
grains along the rolling direction (see Figs. 5c, 5d). A
more substantial crystal lattice distortion is observed
after ECAP (see Figs. 5e, 5f).

The results of the analysis of the obtained data on
the strength properties of alloys 1 (Al–Mg2Si) and
2 (Al–Mg2Si alloyed with (Sc + Zr)) are as follows.
The alloys subjected to cold rolling after preliminary
quenching (see Fig. 3, III) have peak strength proper-
ties as compared to those of the alloys cold-rolled with-
out preliminary quenching (see Fig. 3, I) and the
quenched alloys that were not subjected to deformation
(Fig. 3, II). The difference in the yield strengths of
alloys 1 is 50 and 76 MPa, whereas that for alloys 2 it is
72 and 81 MPa, respectively. A comparison of the
strength properties of the alloys subjected to quench-
ing followed by cold rolling (see Fig. 3, III) or ECAP
(see Fig. 3, IV) shows that alloys 2 with (Sc + Zr)
exhibit higher strength yields as compared to those of
alloys 1 free from the transition metals; the difference
is 16 and 4 MPa, respectively. After aging, peak
strength properties are observed for the alloys sub-
jected to cold rolling after preliminary quenching; the
lowest strength is observed for the alloys subjected to
aging after preliminary quenching. When comparing
the hardness and yield strength of alloy 1 (free from
transition metals) subjected to quenching + ECAP +
aging at 170°C (see Fig. 1a, curve 4) and quenching +
cold rolling + aging at 170°C (curve 3), it can be seen
that the samples subjected to quenching + ECAP +
aging at 170°C (see Fig. 1a, curve 4) exhibit a higher
strength as compared to that of the samples subjected
to quenching + cold rolling + aging at 170°C (see
Fig. 3, I).

Analogous behavior is observed for the samples of
alloy 2 alloyed with (Sc + Zr) transition metals. The
samples subjected to quenching + ECAP + aging at
170°C (see Fig. 1b, curve 4) exhibit a higher hardness;
the samples subjected to quenching + cold rolling +
aging at 170°C (see Fig. 3, III) exhibit a higher
strength. Thus, we can conclude that cold rolling at a
drawing ratio μ ~ 4.9 is a more efficient process for
reaching high properties of the material as compared
to ECAP.

CONCLUSIONS
(1) The effect of different treatment conditions on

the structure, the precipitation hardening, and the
strength properties of Al–Mg2Si alloys and Al–Mg2Si
alloys with combined (Sc + Zr) additions was studied.
It is shown that cold deformation suppresses the pre-
cipitation of metastable phases from the solid solution

during aging at 170°C in the alloys without and with a
combined (Sc + Zr) transition metal addition.

(2) It was found that a peak ultimate strength and
yield strength are reached for the alloys subjected to
cold plastic deformation (drawing ratio is μ ~4.9) after
preliminary quenching, whereas a peak hardness is
observed for the alloys subjected to ECAP (ε = 5.4).
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