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Abstract: The solidification-precipitation behavior of Al-Mg-Si multicomponent alloys has long been an absorbing
topic. Experiments were carried out to analyze the precipitation behaviors of Al-Mg-Si alloys under different heat
treatments. All specimens were homogenized at 570 °C for 8 h, and then solution treated at 540 °C for 55 min.
Subsequently, the specimens were age treated for different times at temperatures of 100 °C, 150 °C and 180 °C,
respectively. The experimental results show that the occurrence of dispersed free zones (DFZ) is caused by the
uneven distribution of dispersed phase. During the aging process, pre-B” phases form at the initial stage and an
aging temperature of 100 °C is too low to complete the transformation of pre-B" to B". At 150 °C, the precipitation
sequence is concluded as SSSS-pre-B"—pre-f"+p"—"—B'-B. Moreover, changes in sizes and densities of the
pre-B”, B"and B’ phases during the aging process has an important influence on the evolution of microhardness and
electrical resistivity. The microhardness peak value of 150 °C is similar to that of 180 °C, which is ~141 HV. While,
at 100 °C, the microhardness increases slowly, and the attainable value is 127 HV up to 19 days. When the aging
temperature is 100 °C, the electrical resistivity has the highest average value. When the aging temperature exceeds
100 °C, with the occurrence and growth of 3"and ', the resistivity has a distinct decrease with prolonged aging time.
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1-Mg-Si alloys (6xxx) are widely used in

construction and automotive industry because of
their good physical and chemical properties . The
major alloying elements of Mg and Si in Al-Mg-Si
alloys can result in precipitation strenghening through
heat treatment. Therefore, heat treatment (homogenizing
and aging treatment) is of great importance for Al-Mg-
Si alloys. The solute redistribution during solidification
leads to micro-segregation and formation of coarse
intermetallic particles, which can significantly influence
the mechanical properties of A1-Mg-Si alloys . In
order to decrease the micro-segregation and dissolve the
micron-scale constituents, the as-cast specimens require
a homogenization treatment to make the material suitable
for subsequent processing. During the homogenization
treatment, following microstructure envolutions will
occur, such as the transformation of Al;FeSi intermetallics
into Alj,(FeMn),Si, the solute redistribution around grain

boundaries and the dissolution of Mg,Si particles, Al-Fe-
Si and Al-Fe-Mn-Si phases, etc .

Al-Mg-Si alloy is an aging hardenable alloy, with Mg
and Si as major alloying elements”™. The degree of age
hardening is closely related to the type and content of
precipitates, thus, it is vital to identify the precipitation
process and evolution of precipitates. In general, the
precipitation sequence in Al-Mg-Si alloys is generally
accepted as SSSS—GP zones—f"—f'—f, where SSSS is
a super saturated solid solution, GP zones are Guinier
Preston zones . According to Murayama ', the GP
zones are divided into GP-1 and GP-2 zones, which
are called pre-pB” and B”, respectively. The pre-B”, with
the base-centered monoclinic structure %', has the same
structure as the most effective hardening phase B”. These
two phases are fully coherent with the matrix. The semi-
coherent B’ ', with hexagonal structure, plays a minor
role in the strengthening effect, while the incoherent
equilibrium B phase, with anti-fluorite structure, has
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no hardening effect . Marioara "' reported that the
precipitates exist steadily at lower temperatures and
the precipitation sequence is different at different
temperatures. Werinos (o

natural aging from weeks to years retards artificial

proposed that long time
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aging kinetics due to slower cluster dissolution kinetics.
Considering the average Mg/Si ratio of different precipitates
ranged from about 0.5 to 2.0, some researchers investigated
alloys with a total high Mg+Si content (~2wt.%) and Mg/Si
ratios of 0.5, 1 and 2 ""'*. The results show that the Mg/Si=1
alloy reaches the highest strength after approximate one week
of natural aging. Gaffar M A, et al. investigated the relationship
between electrical resistivity and precipitation of Al-Mg-
Si alloys """ They found that the crystallographic defects,
precipitates, impurities and their distribution significantly
influence the electrical resistivity.

Above all, heat treatments play a dominant role in precipitation
behavior of age-hardenable Al-Mg-Si alloys. In this paper,
the effects of heat treatment on precipitation behavior and the
relationship between microhardness and electrical resistivity
were investigated. By various techniques, such as transmission
electron microscope (TEM), differential scanning calorimetry
(DSC) and resistivity measurement, the details on the
precipitation sequence of pre-f”, ” and B’ and its relation to the
microhardness and resistivity were explored. Furthermore, in
order to investigate the precipitation behaviors under different
heat treatments, the solidification and precipitation model were
constructed.

1 Experimental procedure

Experimental Al-Mg-Si alloy (Al 97.50wt.%, Mg 0.732wt.%,
Si 0.723wt.%, Mn 0.53wt.%, Cr 0.16wt.%, Fe 0.229wt.%, Cu
0.073wt.%, Ti 0.05wt.%) was melted in a HD-003 high vacuum
furnace, and ingots with sizes of ®30 cm>40 cm were cast in a
metal mold. The 20 cm*20 cm*4 c¢cm samples cut from ingots
were homogenized at 570 °C for 8 h and then cooled in a GWL-
LB electric resistance furnace. The homogenizing samples were
cut into 10x10x10 mm® specimens, which were subjected to a
solid solution treatment at 540 °C for 55 min and subsequently
quenched in water at room temperature. The specimens were
immediately aged in a GWL-LB electric resistance furnace at
100 °C, 150 °C and 180 °C for 0.5 h to ~20 days.
Microstructure observations were carried out using a Leica
DMIRM optical microscope (OM) and a Quanta 450FEG
scanning electron microscope (SEM) operated at 20 kV and
equipped with a Thermo NS7 EDS-system. Both OM and SEM

samples were mechanically polished and eroded with the mixed
solution (10 ml HF, 15 ml HCL, 25 ml HNO;, 95 ml H,0).
Transmission electron microscopy (TEM) and high resolution
TEM (HRTEM) examinations were performed on a JEM-2010F
electron transmission microscope at an acceleration voltage of
200 kV. Three millimeter diameter disks for TEM tests were
punched out from the sample slices and mechanically ground
to 30-50 pm thickness, and then etched by double-jet polishing
using a solution of 1000 ml methanol and 500 ml HNO, at a
voltage of 12 V under -30 °C. In addition, some specimens
were selected for TEM examinations and their corresponding
microstructures were measured using Imagepro Plus software.

The Vickers microhardness (kgemm™) was measured using
a HV-1000 hardness tester at a load of 100 g and loading time
of 15 s. There were two samples for each aging treatment,
and five hardness data were taken for each sample while the
average values were used. Electrical resistivity after aging was
performed using a SIGMATEST 2.089 instrument. Both the
samples were mechanically ground up to P2000 SiC-paper with
ethanol polish. DSC measurements were conducted on a DSC
204 Phoenix with nitrogen gas cooling using samples with ~20
mg and Al pans. All DSC experiments were performed with a
constant heating rate of 10 °Cemin” from room temperature to
450 °C in argon atmosphere'”.

2 Results and discussion

2.1 Microstructure evolution during
homogenizing treatment

The as-cast and homogenized microstructures are shown in
Fig. 1. The as-cast and homogenized microstructures consist of
equiaxed grains with a measured average grain size of 150 pm
and 162 pm, respectively. As shown in Fig. 1(a), the Al-Fe-Si
particles are visible along the grain boundaries. Furthermore, as
can be seen from Fig. 1(b), there are plenty of dispersed phases
(Mg,Si and aluminide) inside the grains. More interestingly,
after homogenizing treatment, some broad dispersed free zones
(DFZ) induced by dispersed phases appear in neighbouring
grains. Figures 1(c)-(f) show the SEM micrographs and the
line scanning results. Obviously, the solutes (Mg, Fe) distribute
more uniformly in Fig. 1(f) compared with Fig. 1(e). Moreover,
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Microstructures of specimens: (a) as-cast, OM; (b) homogenized, OM; (c) as-cast, SEM;

(d) homogenized, SEM; (e and f) solute atom distributions in Fig. 1 (c and d)

it is clear that Al-Fe-Si particles are partially dissolved into
the matrix due to the fluctuation of Fe element across grain
boundaries. Figure 2 shows the Al-Fe-Si particles (red spot)
around grain boundaries and their energy dispersive results.
The composition of the Al-Fe-Si particle is Al 55.05wt.%, Fe
18.04wt.% and Si 4.5wt.% deriving from the point scanning
results of EDS.

2.2 Microhardness and electrical resistivity

Microhardness curves of the specimens obtained under various
heat treatments are shown in Fig. 3. The curves of the specimens
aged at 150 °C and 180 °C indicate similar features. As illustrated

in Ref. P**"", the thermally activated phase transformations in
Al-Mg-Si alloys are controlled by the diffusion of solute atoms.
Thus, it is clear that the precipitation behavior of pecipitates are
drastically different at different aging temperatures. At 150 °C,
the curve of microhardness exhibits a plateau from 8 h to 2 days
during which there is little increase, and finally accompanied by
a second increase to a maximum of approximately 141 HV. The
180 °C curve shows that the hardness of the material increases
from 0.5 h to 2 h up to a value of ~140 HV, followed by a period
of fluctuation that lasts until 3 days and an increase until 6 days
of aging time, and the microhardness experiences a dramatic drop
at 14 days. Though the 100 °C curve is monotonic increasing, the
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Fig. 2: Energy dispersive analysis of residual phases: (a) Al-Fe-(Mn)-Si phases around grain boundaries,
(b) energy dispersive graph of Al-Fe-(Mn)-Si phases
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Fig. 3: Microhardness curves for different temperatures:
100 °C, 150 °C, 180 °C

microhardness increases slowly, and in this case the attainable
value is 127 HV up to 19 days, which is different from the curves
of 150 and 180 °C.

The electrical resistivity changes due to the aged
microstructure also influence the microhardness. Figure 4
shows that the electrical resistivity of the alloy decreases with
prolonged time at different aging temperatures. At the initial
stage of aging (100 °C, 150 °C and 180 °C), the electrical
resistivity sharply decreases. When the aging temperature is
100 °C, the electrical resistivity exhibits minor fluctuations
except for the initial stage, and has the highest average electrical
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Fig. 4: Electrical resistivity values during aging processes
at different temperatures

resistivity. When the aging temperature exceeds 100 °C, the
electrical resistivity has a distinct decrease with prolonged aging
time. In summary, the electrical resistivity exhibits an opposite
evolution trend compared with microhardness.

2.3 Precipitation behavior during aging
process

Figure 5 shows electron microscope images [including bright
field (BF) images and diffraction patterns] of specimens at
various aging temperatures and times, and their corresponding
microstructure parameters (density and size) are summarised in

Fig. 5: Bright field images and diffraction patterns for specimens: (a) 150 °C, 8 h, (b) 150 °C, 2 days, (c) 180 °C,
14 days, (d) diffraction pattern of matrix and B' phase in (c). The viewing direction is <100>Al
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Table 1. During the early stages of 150 °C, the pre-B” phases can
be found in the specimens aged for 8 h, as shown in Fig. 5(a).
The needle-like B” in Fig. 5(b), which was proposed as Mg;Siy,
is observed . The precipitates are aligned along <100>Al, and
are fully coherent along the needle axis. In general, needle-like "
phases often develop at the beginning of the microhardness plateau
together with a mixture of pre-f” and B”. But over the plateau

duration, the precipitates have already transformed to ", thus
coarse precipitates could be observed. Figure 5(c) (aged at 180 °C
for 14 days) shows that a wealth of rod-like ' phases appear and
the precipitates are obviously larger than those in Fig. 5(a) and (b),
and the particle density in Fig. 5(c) is less than that in Fig. 5(a) and
(b). The semi-coherent relation between ' and aluminum matrix
can easily be identified by the diffraction pattern in Fig. 5(d).

Table 1: Density, size and type of precipitates

Density (particles per pm?)

150 °C/8 h 150,000 to 200,000
150 °C/2d 120,000 to 180,000
180 °C/14 d <100,000
100 °C/2 h Very low
100 °C/19d >400,000

TEM images of 100 °C (2 h, 19 days) in Fig.6 demonstrate
that a vast array of coherent pre-p” (GP zones) phases appear in
the matrix. There is a significant difference in size and number
density (Table 1) of the fine particles in the matrix comparing
with Fig. 5. However, there is no evidence that B” can nucleate
and grow at 100 °C, even at the aging time up to 19 days. As
shown in Fig. 6(b), the selected area electron diffraction (SAED)

Length (nm) Precipitate type

9 pre-B"+B"
13 B"
25 B’

- pre-B”
4 pre-p”

patterns show neither extra reflection nor diffuse scattering.
HRTEM was carried out to get further information about the
structure of the GP zones. The high resolution micrograph in
Fig. 6(c) shows a GP zone embedded in the matrix aligned
along [001] axis of the matrix. The fast fourier transformation
(FFT) and its sketch in Fig. 6(d) illustrates that the GP zones
are coherent with the matrix.

GP zones

Fig. 6: TEM images of specimens: (a) 100 °C, 2 h, (b) 100 °C, 19 days, (c) GP zone embedded in matrix using
[001] zone axis of matrix, (d) fast fourier transformation (FFT) of GP zone in (c) and sketch of FFT, the
large black spots are matrix reflections, the small red spots are GP zone super lattice reflections. The

viewing direction is <100> Al
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2.4 Discussion

All the results presented above give a picture of the evolution
of precipitates during heat treatments. It can be seen from
Fig.1 that a large number of dispersed phases appear after
homogenizing treatment. This can be explained by the solute
atom concentration at the solid-liquid interface. In view of the
structure model ! and interaction between particles and solid-
liquid interface **, the precipitation behavior model around
grain boundaries is constructed as shown in Fig. 7. In Fig. 7(a),
there is an obvious composition fluctuation caused by large
amounts of solute atoms (Fe, Si etc.) gathering at the frontier
of solid-liquid interface of alloy matrix, so Al-Fe-Si phases
inclined to form here. Meanwhile, the grain boundaries and
crystal defects in the matrix more easily provide nucleation sites.

This is attributed to the decrease of defect free energy caused by
nucleation which can surmount the nucleation barrier. Followed
by the heterogeneous nucleation along grain boundaries,
the Al-Fe-Si particles grow up persistently, which leads to a
large amount of consumption of alloy elements. Moreover,
the occurrence of DFZ is attributed to uneven distribution of
dispersed phases which could diminish to some extent via
adjusting solution processes. In Fig. 7(a) and Fig. 7(b), it can be
deduced from heterogeneous nucleation and growth behavior
that there exists a mass of element deficiency zones around grain
boundaries. The absence of precipitates [Fig. 7(c)] adjacent
to grain boundaries clearly illustrates the precipitation law of
precipitates caused by element consumptions around grain
boundaries.

(@  sold

Crystal nucleus
Al-Fe-Si

(b)

Fig. 7: Precipitation behavior model around grain boundaries: (a) solidification, (b) homogenization,

(c) aging

In addition, Al-Fe-Si particles appear occasionally around
the grain boundaries, and the artificial aging has no influence
on these particles due to high melting temperature (>580 °C),
which is in good agreement with the findings of Kumar **.

The microhardness curves and its evolution can be attributed
to microstructure evolution and phase transformations. It is
generally accepted that a lot of non-equilibrium quenched-in

3] exist in the matrix after solid solution treatment

vacancies
at 540 °C. During aging process at 100 °C, only pre-p” form,
indicating that the temperature is too low to form B” phases
and that the pre-B” can maintain long-term stability at this
temperature, which is in agreement with the results of
Marioara '". However, the nucleation and coarsening of pre-p”
precipitates lead to a slow increase of microhardness. During the
aging process, the GP zones grow due to the Ostwald ripening **,
which means that the density is decreasing and the morphology
is coarsening. For the 150 °C curves, the microhardness plateau

maintains from 8 h to 2 days, and during this period, the
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transformation from pre-B” to B” happens. It shoud be noted,
however, that the long durations of microhardness plateau are
possibly interpreted as the dynamic equilibration between the
decrease in number density and growth in particle size of pre-f”
and B”. Data shown in Fig. 8 demonstrate a cluster dissolution
trace with a broad endothermic peak and the formation of a "
double peak. The first peak is attributed to needle-like 3" that
evolve from coarse clusters and the second peak to the fine
needle-like B” derived from newly available solute atoms after
the dissolution of unstable clusters. From the above analysis,
and combined with the TEM and DSC results of 150 °C, the
precipitation sequence is concluded as SSSS-pre-B”-pre-
B"+p"-p"-p'-P. The same precipitation sequence may present
at 180 °C, however, the absence of a microhardness plateau in
comparison with 150 °C can be attributed to the accelerative
artificial aging kinetics caused by the inferior stabilities of
pre-p” at the temperature of 180 °C.

Unlike the inferior hardening effect at the condition of
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Fig. 8: DSC measurement of 150 °C aged specimen

low aging temperatures and short aging time, the hardening
strengthening at high temperatures and prolonged time is due
to that the precipitates resulting from high temperatures and
prolonged time are less coherent with the matrix even the
number density decreases with the extension of temperature and
time ">, However, it can be concluded from Fig. 5(c) that the
precipitation of rod-like B’ phases reduces the distortion energy
which leads to the reduction of microhardness. Meanwhile,
the dramatically dropped particle density and coarsening of
precipitates also make contributions to the microhardness
reduction. The pre-B” phases can exist at about 180 °C for
a certain time . This accounts for the initial increase in
microhardness for 150 °C and 180 °C curves. The rapidly
reachable peak microhardness at 180 °C is due to fast formation
of plenty of coherent B” phases, and then the B” phases
transformed to semi-coherent B’ phases, resulting in severe
microhardness decrease after 6 days.

Generally, the electrical resistivity is effected by a complex
interaction of various scattering centers including vacancies,
grain boundaries, dislocations, clusters and precipitates *"**). The
solution specimens before aging having the highest resistivity are
due to the scattering function of quenched-in vacancies. Moreover,
the smooth value fluctuation at 100 °C can be explained by the
fierce scattering function of pre-f” phases, which indirectly
demonstrates that pre-B” phases exist in the matrix for a long
period. In contrast, the changes in 150 °C and 180 °C indicate that
precipitates of ” and ' dominate the whole aging process except
for the clusters and pre-f” dominates initial stages. As shown
in Table 1 and Fig. 4, in comparison of electrical resistivity
variations of 100 °C, 150 °C and 180 °C, the electrical resistivity
is more sensitive to number density of precipitates. Furthermore,
though the number density of precipitates is similar at 150 °C
and 180 °C (Table 1), the difference of electrical resistivity
between 150 °C and 180 °C in Fig. 4 is interpretable with the
strong static recovery at a higher aging temperature (180 °C),
which results in the disappearance of crystal defects such as
vacancies and dislocation, etc.

3 Conclusions

(1) Al-Fe-Si particles originated from non-equilibrium
solidification are oriented along the grain boundaries. This

situation is caused by the heterogeneous nucleation and solute
atom concentration in the solid-liquid interface. The DFZ caused
by uneven distribution of dispersed phases appears during the
process of homogenizing treatment.

(2) During aging processes, pre-3” phases form at the initial
stage. Aging at 100 °C only induces a type of microstructure
composed of fine distributions of pre-B” phases up to 19 days.
The microhardness peak value of 150 °C is similar to that of
180 °C, which is ~141 HV. While, at 100 °C, the microhardness
increases slowly, and the attainable value is 127 HV up to 19
days. At 150 °C, the precipitation sequence is concluded as

SSSS-pre-p"-pre-p"+p"-p"-p'-p.

(3) The evolution of precipitates has an important influence on
electrical resistivity, which is more sensitive to number density
of precipitates. When the aging temperature exceeds 100 °C,
with the occurrence and growth of ”and ', the resistivity has a
distinct decrease with prolonged aging time.
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