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Abstract: The effects of homogenization parameters on the microstructure evolution and tensile behavior of a balanced
Al-Mg—Si alloy were investigated using the optical microscope, scanning electron microscope, X-ray diffraction,
electron probe microanalyzer, differential scanning calorimetry, electrical conductivity test, and tensile test. The results
show that Mg,Si and f-AlFeSi are the main intermetallic compounds in the as-cast structure, and Mg solute
microsegregation is predominant inside the dendrite cell. The prediction of the full dissolution time of Mg,Si by a
kinetic model is consistent with the experiment. The S-AlFeSi in the alloy exhibits high thermal stability and mainly
undergoes dissolution and coarsening during homogenization at 560 °C, and only a small portion is converted to
o-AlFeSi. The optimal homogenization parameters are determined as 560 °C and 360 min, when considering the evolution
of microstructure and resource savings. Both the strength and ductility of the alloy increased after homogenization.
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1 Introduction

The age-hardenable Al-Mg—Si conductor
alloys, such as AA6101 and AA6201, are widely
used for overhead transmission lines in the
electrical industry owing to their good combination
of high strength and acceptable electrical
conductivity (EC) [1—4]. Most AI-Mg—Si alloys are
cast using semi-continuous or continuous casting
technology, with a cooling rate decreasing from the
mold surface into the center within the range of 20—
0.5 °C/s [5,6]. Nevertheless, dendrite segregation,
low melting point eutectic particles, and insoluble

Fe-bearing particles would develop in the as-cast
structure during rapid solidification, thereby
harming the extrudability and surface quality of
rods [7,8]. Therefore, it is necessary to homogenize
the casting Al-Mg—Si alloy for the purpose of
eliminating dendrite segregation, dissolving the low
melting point eutectic particles, and minimizing the
detrimental effects of Fe-bearing particles [9—11].
The content of Mg and Si and the Mg/Si ratio
affect the formation of low melting point eutectic
phases and thus the selection of the homogenization
parameters [12,13]. For the Mg-excess or balanced
alloy, binary eutectic (a-Al+Mg,Si) is formed at
595 °C during solidification [12,14]. For the Si-excess
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alloy, the ternary eutectic (a-Al+Si+Mg,Si) may be
formed at 555°C [12]. It is clear that a lower
homogenization temperature should be selected for
the Si-excess alloy. The dissolution of Mg,Si
particles is the main process during homogenization
treatment. Therefore, it is essential to study the
dissolution kinetics of the Mg,Si particles [15—17].
ROMETSCH et al [18] modeled the dissolution of
Mg,Si in Al-Si—Mg alloys based on the Fick’s first
law and predicted that less than 1 h at 540 °C is
sufficient to dissolve Mg,Si fully. SAMARAS
et al [19] simulated the dissolution process of
Mg>Si during homogenization in the AA6061 alloy
by employing computational kinetics for the
solution of the multicomponent diffusion equations
and predicted that the full dissolution time of Mg,Si
at 580 °C is 2 h. ZHANG et al [20] modeled the
dissolution of second phases (Mg>Si, Si, and Q) in
the AI-Mg—Si—Cu alloy by combining the classical
diffusion-controlled dissolution equation with the
JMA-like equation and established the relationship
between the complete dissolution time and particle
size.

Fe is the principal impurity element of the
Al-Mg-Si alloys and generally exists as
intermetallic compounds (IMCs), mainly a-AlFeSi
and p-AlFeSi [21—-23]. Previous research suggested
that a-AlFeSi has various stoichiometries
designated as AlgFCzSi, A112F63Si2, or A112,7Fe3Si1_0,
with the Fe:Si ratio in the range of ~(1.28—3.83):1
(at.%) [24,25]. The typical stoichiometry of
p-AlFeSi is f-AlsFeSi with a Fe:Si ratio of 1:1
(at.%) [21-23]. The type of Fe-bearing phase that
forms depends on the chemical composition and
solidification rates [12,26]. Increasing the Mg and
Fe concentrations in the alloy promotes the
formation of a-AlFeSi [27,28], while increasing
the Si concentration promotes the formation of
[-AlFeSi [29]. Moreover, a-AlFeSi dominated at a
higher cooling rate but f-AlFeSi at a lower cooling
rate for the given alloy composition [26]. The
needle-like f-AlFeSi harms mechanical properties
and tends to induce micro-cracks and surface
defects in extruded profiles, while the globular
o-AlFeSi is relatively harmless [21,23]. Hence, it is
significant to eliminate the detrimental effect of
p-AlFeSi. Numerous studies demonstrated that the
transformation of -AlFeSi to a-AlFe(Mn)Si (f to «)
occurs during homogenization for the Mn-added
6xxx series alloys [7,8,21-23]. However, for the

Mn-free Al-Mg—Si alloys, it is debatable whether
the transformation of S-AlFeSi to a-AlFeSi can
happen below 600 °C [10,30]. ZAJAC et al [31]
found that the transformation of 5 to « is suppressed
in the low Fe:Si ratio 6xxx alloys. For the
Al-Mg—Si  conductor alloy, the complete
transformation of f to « requires a long soaking
time at high temperatures due to its low Fe:Si ratio.
However, it is likely to cause overburning of the
alloy and increase energy consumption. Therefore,
it is very important to study the transformation

behavior of f to a for determining the
homogenization regime.
Most  published  works reported the

homogenization process of Si-excess Al-Mg—
Si—Mn alloys, but there are few studies about the
homogenization process of balanced Al-Mg—Si
alloys. The present work provides quantitative
characterization of the homogenization treatment in
a balanced alloy with little Fe impurity, focusing on
the evolution of the (Mg, Si)-bearing phases and
Fe-bearing phases in this relatively pure alloy
system during homogenization. In addition, the
tensile test is used to illustrate the effect of
homogenization treatment on the improvement of
the ductility of the alloy and to reveal the reasons
by analyzing the fracture behavior. This study
aims to inform the industrial processing of
high-performance AI-Mg—Si conductor materials.

2 Experimental

The material used in this study was prepared
by the commercially pure Al (99.7 wt.%), pure Mg
(99.9 wt.%), and Al—20wt.%Si master alloy. Pure Al
was completely melted in a graphite crucible with a
resistance furnace at 750 °C, and then Al-20wt.%Si
master alloy and pure Mg were added to liquid Al
in sequence. When the melted alloy was slowly
cooled to 720 °C, it was degassed and refined using
C,Cls. After being stabilized for 10 min at 720 °C,
the melted alloy was poured into a water-cooling
mold to obtain ingots with dimensions of
40 mm x 160 mm x 250 mm. A relatively high
cooling rate of ~20 °C/s was obtained by adopting
the water-cooling mold, which is close to the upper
limit cooling rate of DC casting. The composition
of the ingot obtained by an inductively coupled
plasma optical emission spectrometer (ICP-OES) is
given in Table 1. The Mg/Si mass ratio of the alloy
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is close to 1.73, which is a balanced Al-Mg—Si
alloy.

Table 1 Chemical composition of studied alloy (wt.%)

Mg Si Fe B Cr
0.95 0.55 0.10 0.031 0.0008
Mn A\ Ti Other Al
0.0020 0.0023 0.0023 <0.01 Bal.
Two sets of single-stage homogenization

experiments were conducted on the studied alloy to
study the effects of the homogenization parameters
on the microstructure. One focused on the effect of
homogenization temperature on the second phase.
The range of homogenization temperature can be
estimated according to the AI-Mg,Si pseudo-binary
phase diagram as 550—595 °C [14]. The lower limit
of this temperature range corresponds to the solvus
and the upper limit corresponds to the solidus. 550,
560, 570, 580, and 590 °C were selected as the
experimental temperatures. The as-cast samples
were heated to the given temperatures at a rate
of 5°C/min and then homogenized at each
temperature for 200 and 480 min. The other was
carried out by varying the homogenization time
from 0 to 960 min at 560 °C. The EC values were
measured for samples homogenized at 560, 570,
and 590 °C, respectively, to monitor the evolution
of the microstructure. In the heating-up stage, the
samples were heated to the assigned temperature
(130, 230, 330, 430, and 530 °C) and then quenched
in water, followed by EC testing. In the isothermal
holding stage, the EC values of samples were also
measured after water quenching.

All samples were taken from the equiaxed
zone of ingots. The grain structure of the alloy was
characterized by a Leica DMI 300M polarized
optical microscope (OM) after anodizing using
Barker’s reagent. The microsegregation of the alloy
was revealed using Weck’s reagent [15,32]. The
microsegregation of alloy elements was
semi-quantitatively analyzed by a JEOL JXA—8230
electron probe microanalyzer (EPMA). The
microstructure and fracture morphologies were
examined by a Tescan MIRA3 scanning electron
microscope (SEM) with an energy dispersive X-ray
spectroscopy (EDS) detector. The types of
secondary phases were identified by X-ray
diffraction (XRD) tests using a Rigaku D/max 2550

diffractometer with Cu K, radiation. The types of
Fe-bearing phases were classified by the
stoichiometric differences in the Fe: Si atomic
ratios as determined by EDS.

Differential scanning calorimetry (DSC) was
used to analyze the dissolution temperature of the
second phase to determine the homogenization
temperature. The DSC test was carried out using a
NETZSCH STA 449C thermal analysis system
with a scanned temperature interval from room
temperature to 700 °C under the protection of an
argon atmosphere. The heating rate is 10 °C/min.
The EC of samples was measured using an eddy
current conductivity meter with a frequency of
60 kHz at 20 °C. Tensile tests were performed using
an UTMS5105 universal testing machine at room
temperature with a strain rate of 5x107° s™!. The
tensile samples, 3.4 mm in width and 3 mm in
thickness, were machined from the as-cast and
homogenized billets. All tensile tests were
performed on at least three samples for the same
condition. The volume fraction and dimension
parameters of IMCs were measured using Image-
Pro Plus 6.0 software. Five randomly selected SEM
images were measured for each sample.

3 Results

3.1 Microstructure of as-cast alloy

Figure 1 shows the microstructure of the
as-cast alloy. The OM image of the as-cast alloy
exhibits equiaxed dendritic morphology (Fig. 1(a)).
The average grain size and secondary dendrite
arm spacing (SDAS) are (295.2+66.6) um and
(58.4+10.5) um, respectively. After etching with
Weck’s reagent, the microsegregation inside the
dendrite cell is revealed by a color difference
(Fig. 1(b)). Three types of IMCs with different
morphologies and contrasts are formed at the a(Al)
matrix (Fig. 1(c)). The chemical compositions of
the IMCs marked in Fig. 1(c) are listed in Table 2.
The XRD and EDS results suggest that the dark
phase with a skeleton-like shape is Mg»Si and the
bright phase with a needle-like shape is f-AlFeSi.
The atomic ratio of Fe: Si in the EDS results
of p-AlFeSi (0.79) is slightly lower than its
stoichiometric ratio because of the interference
from the surrounding Mg,Si particles. In addition,
the dark Mg-bearing phase without Si is also found
in the dendrite cell (Fig. 1(c)).
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Fig. 1 Initial microstructure of as-cast alloy: (a) Polarized OM image; (b) OM image after etching with Weck’s reagent;

(c) SEM image; (d) XRD pattern

Table 2 Chemical composition of IMCs measured by
EDS shown in Fig. 1(c)

Point Content/at.%
Phase type
No. Al Mg Fe Si
1 63.83 2091 0 15.26 MgsSi
2 82.80 0.75 7.28 9.17 p-AlFeSi

3 69.07 3093 0 0 Mg-bearing phase

The solute microsegregation in dendrite cells
is semi-quantitatively analyzed by EPMA linear
scanning, as shown in Fig. 2. It is obvious that the
Mg, Si, and Fe elements mainly segregate at
dendrite cell boundaries and form IMCs, mainly
Mg,Si and S-AlFeSi (Fig. 2(a)). To reveal the solute
microsegregation within the dendrite cell, EPMA
linear scanning was performed. As shown in
Fig. 2(b"), the horizontal dashed lines indicate the
mean measured solute concentrations for Mg, Si,
and Fe, respectively. The results indicate that the
Mg concentration increases gradually from the
center of the dendrite cell to its edge and is lower
than the bulk alloy composition of 1.04 at.%. The
Si microsegregation is merely detected near the
dendrite cell boundary and is lower than the
bulk composition of 0.52 at.%. Besides, the Si

concentration within the dendrite cell is close to
zero. Apparently, there is no Si concentration
gradient within the dendrite cell similar to that of
Mg. Furthermore, the concentration of Fe remains
constant within the dendrite cell and close to zero
because of its low solid solubility in the Al matrix
(~0.02 at.%) [33].

The DSC analysis is conducted on the
as-cast samples in order to determine the upper
limit of homogenization temperature, as shown in
Fig. 3. It can be seen that there are two obvious
endothermic peaks. The first peak with a small
thermal effect is caused by the dissolution of
eutectic Mg,Si and its initial temperature (73)
corresponding to the onset of the melting of
Mg,Si is 578.6 °C. Therefore, the maximum
homogenization temperature should be lower than
this temperature in order to avoid overburning. The
second peak with a large thermal effect corresponds
to the melting of the Al matrix.

3.2 Microstructural evolution
homogenization

Figure 4 shows the EC increment curves of
the studied alloy during homogenization at 560,
570, and 590 °C. The EC increment is defined as the

during
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Fig.3 DSC curve of as-cast alloy (7, is the peak
temperature)

difference between homogenized EC and as-cast
EC. At the heating-up stage, the EC increment
increases with temperature and peaks at around
330 °C. However, the EC increment decreases
rapidly with a further increase in the temperature.
At the isothermal holding stage, the EC increment
decreases rapidly and finally reaches a stable
value. It can be observed that the higher the
homogenization temperature, the shorter the time to
stability. After homogenization at 560, 570, and

(07 Os-cast)/(MS+m™ 3]

300 400 500 600
Time/min

100 200

Fig. 4 Electrical conductivity increment curves of
Al-Mg—Si alloy during homogenization at 560, 570 and
590 °C (o; is the EC of homogenization at time #; Gas-cast IS
the EC of as-cast sample)

590 °C, the time for EC increment stabilization is
about 240, 200, and 140 min, respectively. The
stable EC increment value of the sample
homogenized at 590 °C is significantly lower than
the other two samples. It is deduced that over-
burning may have occurred, which is consistent
with the result of the DSC analysis (Fig. 3). In 6xxx
Al alloys, almost all the Fe will combine with the
excess Si and the abundant Al to form Fe-bearing
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phases because of its low solubility in the Al matrix
[33]. Therefore, it is reasonable to ignore the effect
of Fe on EC. The EC mainly reveals the changes
in Mg and Si solubility in alloys during
homogenization. The precipitation of (Mg, Si)-
bearing phases may cause an increase in EC
increment during the initial heating-up stage. In the
subsequent heating and isothermal holding stages,
the dissolution of precipitated (Mg, Si)-bearing
phases and eutectic Mg,Si leads to a decrease in EC
increment.

Figure 5 shows the OM images of the alloy
after isochronous homogenization at different
temperatures for 200 min. After homogenization at
550 and 560 °C, dendritic structure is diminished
significantly with thinner and smoother grain
boundaries, but some IMCs remain at grain
boundaries (Figs. 5(a, b)). When the temperature is
570 °C, the dendritic structure disappears, and the
number of IMCs decreases significantly (Fig. 5(c)).
The grain structure has no apparent change with the
further increase in temperature (data not shown). As
shown in Figs. 5(d—f), it can be seen that the color
difference within the grains has disappeared,
indicating that the solute microsegregation within
the grain has been eliminated at test temperatures.

To further determine the evolution of IMCs
after isothermal homogenization, the SEM images
of the alloy after isochronous homogenization at
550 to 590°C for 200 min are exhibited in
Figs. 6(a—e). It can be seen that the morphology of
soluble Mg,Si changes from a skeleton-like shape
to a spherical or rod-like shape to reduce the
interfacial area due to the Gibbs—Thomson
effect [34]. As the temperature increases, the
residual amount of Mg,Si decreases for a fixed
homogenization time. Moreover, overburning
caused by the remelting of Mg»Si is observed when
it is homogenized at 590 °C (Fig. 6(¢)). The volume
fraction of the Mg,Si phase after isochronous
homogenization at 550 to 590 °C for 200 min and
480 min was measured based on the area statistics
of the residual phase, as shown in Fig. 6(f).
Obviously, increasing the temperature or extending
the time will promote the dissolution of the Mg,Si
particles. However, a homogenization temperature
close to the melting point of the eutectic Mg,Si
phase would increase the risk of overburning.
The dominant types of Fe-bearing particles in
homogenized alloys with different temperatures are
identified by EDS as f-AlFeSi, as shown in Table 3.
The morphology of insoluble f-AlFeSi remains

Insoluble IMCs

Insoluble IMCs

Fig. 5 Polarized OM images of alloy after homogenization at 550, 560 and 570 °C for 200 min (a—c), respectively, and

corresponding OM images after etching with Weck’s reagent (d—f), respectively
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590 °C for 200 and 480 min

Table 3 Chemical composition of Fe-bearing particles measured by EDS shown in Fig. 6

Content/at.% Fe: Si
Point No. Homogenization temperature/°C Al Mg Fo S Close phase atomic ratio
1 550 83.30 0.70 7.20 8.80 S-AlFeSi 0.82
2 560 80.86 0.61 8.63 9.90 S-AlFeSi 0.87
3 570 81.04 0.65 8.57 9.74 S-AlFeSi 0.88
4 580 83.81 0.68 7.52 7.99 S-AlFeSi 0.94
5 590 78.08 0.46 10.43 11.03 S-AlFeSi 0.95
almost unchanged and needle-like when the extension of time. Moreover, some dendrites

homogenization temperature does mnot exceed
570 °C (Figs. 6(a—c)). When the homogenization
temperature reached 580 °C, the p-AlFeSi still
remained in the matrix and coarsened obviously
(Figs. 6(d, e)).

Figure 7 shows the OM images of the alloy
after isothermal homogenization at 560 °C for
various time. Figures 7(a, b) show the evolution of
microstructure during heating. At the end of heating,
the IMCs and the dendritic structure almost remain
unchanged compared to the as-cast structure
(Fig. 7(b)). As shown in Figs. 7(c, d), the soluble
IMCs gradually dissolve into the Al matrix with an

gradually develop into cell grains with a polygonal
shape, which is attributed to the weakened pinning
effect of IMCs at grain boundaries due to their
morphological changes and dissolution [35]. The
grain structure has no significant change when the
time further extends to 960 min (data not shown).
Figures 7(e, f) show that the solute micro-
segregation still exists inside the grains at the end of
the heating stage. After homogenization for
150 min, the solute microsegregation within the
grain has been eliminated (Fig. 7(g)). The solute
distribution within the grains remains constant with
extending time (Fig. 7(h)).
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Fig. 7 Polarized OM images of alloy after homogenization at 560 °C for 60 min (time of EC increment peak in Fig. 4),

106 min (time of end of heating), 150 min, and 360 min (a—d), respectively; and corresponding OM images after

etching with Weck’s reagent (e—h), respectively

Figures 8(a—h) exhibit the evolution of IMCs
after homogenization at 560 °C for different time.
Figure 8(a) shows the microstructure corresponding
to the peak in the EC increment (Fig.4). The
morphology of Mg,Si remains constant compared
to the as-cast alloy. However, the precipitates are
formed in the dendrite region, resulting in an
increase in EC increment. It also suggests that the
matrix of the as-cast alloy is supersaturated.
Besides, the particle-free zone (denoted as PFZ) is
formed around the dendrite cell boundary and its
center. Figures 8(b) and (c) exhibit the enlarged
image of the precipitates and the corresponding
EDS mappings, indicating that the short rod-like
precipitates are likely Si-bearing phases. Figure 8(d)
indicates that the short rod-like Si-bearing phase
disappears at the end of the heating-up stage and the
eutectic Mg,Si begins to dissolve and spherize.
During the isothermal holding stage, the Mg,Si
phase is continuously dissolved with increasing
time (Figs. 8(d-h)). After homogenization for
280 min, only sporadic Mg,Si particles remain at
grain boundaries (Fig. 8(f)), and the volume
fraction of Mg>Si is less than 0.07%, which is close
to complete dissolution. Even after 960 min of
homogenization, there is no overburning in the
studied alloy (Fig. 8(h)). Figure 8(i) suggests that
the dissolution of Mg,Si mainly occurs in the first

280 min of homogenization. This result is slightly
higher than that of EC increment analysis, and the
difference may be caused by the structure
homogeneity of the as-cast alloy itself. Figures
8(a—h) also exhibit the morphology evolution of the
Fe-bearing phase. It can be seen that the Fe-bearing
phases gradually dissolve and coarsen with
increasing homogenization time in general. The
types of the Fe-bearing phases are further identified
by EDS (Table 4). The results show that the
dominant Fe-bearing phase in the alloy during the
first 360 min of homogenization is f-AlFeSi. A few
rounded a-AlFeSi particles are detected in the alloy
homogenized for 960 min (Fig. 8(h)). Figure 8(h)
also shows that the morphology of some f-AlFeSi
particles (e.g., Point 6) is close to that of the
a-AlFeSi particles, so it is not reliable to distinguish
the two phases by the morphology.

Figure 9 shows the distribution of length,
thickness, and aspect ratio of the Fe-bearing phase
during homogenization. The Fe-bearing phase
contains the f-AlFeSi formed during solidification
and the a-AlFeSi formed after the transformation of
p to a. The length of the Fe-bearing phase and its
range tend to decrease within the first 360 min of
homogenization and then remain stable. The thickness
of the Fe-bearing phase and its range tend to
increase with the extension of homogenization time.
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Table 4 Chemical composition of Fe-bearing particles measured by EDS shown in Fig. 8

Content/at.% Fe: Si
Pont No. Homogenization time/min Al Mg Fo - Close phase atomic ratio

1 60 83.69 1.03 5.95 9.33 S-AlFeSi 0.64
2 106 82.81 0.51 7.27 9.41 S-AlFeSi 0.77
3 150 78.88 0.50 9.09 11.53 S-AlFeSi 0.79
4 280 81.31 0.76 7.47 10.46 S-AlFeSi 0.71
5 360 79.87 0.51 9.69 9.93 S-AlFeSi 0.98
6 960 81.46 0.80 8.46 9.28 S-AlFeSi 0.91
7 960 70.86 0.49 16.67  11.98 a-AlFeSi 1.39

———————————— Mg

- ———

—_
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—_
(=]

Isothermal holding

e
n

Volume fraction of Mg,Si/%

(=

—a
0 100 200 300 400 960
Homogenization time/min

Fig. 8 (a—h) SEM images of alloy after homogenization at 560 °C for various time: (a) 60 min; (b) Rod-like precipitates
formed in (a); (c¢) Corresponding EDS mappings; (d) 106 min; (¢) 150 min; (f) 280 min; (g) 360 min; (h) 960 min;
(i) Volume fraction of Mg,Si phase before and after homogenization at 560 °C for different time

The aspect ratio of the Fe-bearing phase and its the dissolution of the Fe-bearing phases occurs
range continuously decrease with an increase in during the first 360 min of homogenization, during
homogenization time. The above results imply that which the morphology of the Fe-bearing phases
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breaks from the long needle-like to the short
rod-like (Figs. 8(a—g)). After homogenization for
more than 360 min, the Fe-bearing phases get
coarsened (Fig. 8(h)).

Figure 10 shows the results of EMPA line
scanning after homogenization at 560 °C for
280 min. Compared to the as-cast microstructure
(Fig. 2), the Mg,Si particles dissolve into the matrix,
and just some Fe-bearing particles remain at the
grain boundaries (Fig. 10(a)). In addition, the
concentration gradients of Mg and Si within the
grain are eliminated, and the concentrations of Mg
and Si in the matrix increase. The measured mean
Mg concentration in Fig. 10(b") agrees well with
the bulk alloy composition, indicating that the

3545

segregation of Mg is entirely eliminated. However,
the measured mean Si concentration is lower than
the alloy composition because the Fe-bearing
phases cannot be dissolved. The concentration of Fe
within the grain of the homogenized alloy remains
unchanged compared to the as-cast microstructure.

3.3 Mechanical properties and fracture of as-cast
and homogenized alloys

The effects of different homogenization time
on the mechanical properties of the studied alloy
are evaluated by tensile tests. Figure 11(a) shows
the engineering stress—strain curves, and the results
are listed in Table 5. The yield strength (YS),
ultimate tensile stress (UTS), and elongation (EIl) of
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Table S Tensile test properties of as-cast and homogenized alloys

State Yield strength/MPa Ultimate tensile stress/MPa Elongation/%
As-cast 112+3 178+2 12+1
Homogenized at 560 °C for 360 min 142+2 250+2 33+1
Homogenized at 560 °C for 960 min 141+1 254+1 36=+1
the as-cast sample are (11243) MPa, (178+2) MPa, boundary strength (Fig. 12(b)). Hence, the

and (12+1)%, respectively. After homogenization
for 360 min, the YS, UTS, and El of the sample
increase to (142+2) MPa, (250+2) MPa, and (33£1)%,
respectively. Extending the homogenization time to
960 min, there is almost no change in YS but a
slight increase in UTS and El compared to
homogenization for 360 min. Figure 11(b) exhibits
the true stress—strain curves and the corresponding
work-hardening rate (WHR) curves. It can be seen
that the as-cast sample has the lowest WHR at the
same strain. It suggests that the work-hardening
ability of the as-cast alloy is relatively low
compared with homogenized alloys. In addition, the
necking phenomenon occurs in homogenized alloys
but not in as-cast alloys, implying that those two
states of the alloy have different
mechanisms, which will be discussed later.

SEM images and EDS results of the fracture
surface of the tensile test are shown in Fig. 12. It
can be seen from Fig. 12(a) that some shallow
equiaxial dimples are formed on the fracture surface
and obvious cracks propagate along the dendrite
boundaries. It is demonstrated that the fracture of
the as-cast alloy occurs in an intergranular fracture
manner, resulting in a relatively low elongation [23].
Moreover, the IMCs, formed during solidification,
cover the fracture surface and weaken the grain

fracture

decohesion of the weak interface between IMCs
and the Al matrix causes the deep cracks [23]. In
addition, the brittle p-AlFeSi and Mg,Si easily
induce micro-cracks during the deformation and
promote the crack propagation [16]. After
homogenization, the increase in elongation is
mainly attributed to the dissolution of eutectic
Mg,Si and the rounding of the Fe-bearing phase,
which reduces the crack sources. Figures 12(c, d)
show the dimple fracture surface in homogenized
samples. The obvious dimples are formed by
microvoid nucleation and coalescence [36]. The
EDS results of the fracture surface (Fig. 12(e))
indicate that the dimples nucleate at the insoluble
Fe-bearing phases. Moreover, deeper dimples are
observed in the 960 min homogenization sample,
indicating better ductility, which is consistent with
the tensile results.

4 Discussion

4.1 Dendrite segregation in as-cast alloy during
solidification
The ingot was obtained by the water-cooling
cast. The redistribution of alloying elements
and impurities occurred during the non-equilibrium
solidification process, resulting in two different
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Fig. 12 Fracture surface morphologies of as-cast and homogenized alloys after tensile test: (a) As-cast alloy; (b) EDS

mapping of fracture surface with IMCs adhered in as-cast alloy (Some deep regions of fracture surface cannot be
characterized, resulting in missing signal) (c) 560 °C, 360 min; (d) 560 °C, 960 min; (e) EDS results

segregation phenomena. One is the inhomogeneous
distribution of solute atoms (mainly Mg and Si),
and the other is the formation of different IMCs
(mainly eutectic Mg,Si and p-AlFeSi) at grain
boundaries (Fig.2). Without considering the
diffusion of solute in the solid phase and assuming
that the liquid composition is uniform, the
distribution of solute in dendrites can be described
by the Scheil equation in the form as [37]

Cs=koCy (l_fs)(ko_l) (1

where Csis the concentration of solute in the solid
phase, Co is the bulk concentration of alloying
elements, fs is the fraction of the solid phase, and ko
is the equilibrium partition coefficient defined as
the ratio of the concentrations of a solute in solid
and liquid at equilibrium (Cs/Cr), which is used to
describe the redistribution of solute during
solidification. Obviously, a small ko (ko<1) causes
severe element segregation based on Eq. (1). ko for
the binary Al-Mg, Al-Si, and Al-Fe system is
calculated to be 0.51, 0.11, and 0.02, respectively
[38], and the elemental microsegregation level from

low to high is Mg, Si, and Fe. This leads to an
increase in the content of Mg from the dendrite cell
center towards its edge and the formation of
eutectic Mg,Si at the grain boundaries; Si mainly
accumulates near the boundaries and forms eutectic
Mg,Si and S-AlFeSi at the grain boundaries; and Fe
is mainly consumed by p-AlFeSi at the grain
boundaries and almost has no solid solubility in the
Al matrix.

4.2 Kinetics analysis of dissolution and diffusion
during homogenization

Mainly eutectic Mg,Si and pS-AlFeSi are
formed at grain boundaries (Fig. 1). As shown in
Figs. 6 and 8, only the eutectic Mg,Si dissolves
during homogenization, while the p-AlFeSi is
almost insoluble due to its high thermal stability.
Accordingly, the dissolution of S-AlFeSi during
homogenization is not taken into account [15,23].
The dissolution of Mg,Si particles is modeled under
the assumption that it is controlled by the diffusion
of Mg in the Al matrix due to its relatively high
content in Mg,Si particles. As shown in Fig. 8(c), at
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the start of the isothermal holding stage, the Mg,Si
particles are mainly distributed along the dendrite
boundaries and far away from each other. Therefore,
the dissolution of the phase can be considered as a
diffusion process in semi-infinite space. To describe
the diffusion field around the Mg,Si particles and
simplify the calculation and analysis, the
morphology of Mg»Si is regarded as sphericity, and
its concentration profile at the initial stage of
diffusion is displayed in Fig. 13(a). The diffusion of
spherical particles can be described by the Fick’s
second law in a spherical coordinate system [39].
The diffusion coefficient of Mg (D) can be
calculated by an Arrhenius-type equation [40]:

0
D=D, exp( RT] 2)
where D¢=1.24 cm?s is the diffusion constant of
Mg, (0=130.4 kJ/mol is the diffusion activation
energy of the Mg, R=8.314 J/(mol-K) is the molar
gas constant, and 7 is Kelvin temperature (K) [40].

The boundary conditions are constructed
according to Fig. 13(a) as follows:

C(xzr, OStSoo):CI
C(x<r, 0<t<0)=C, (3)
C(er, t=0):CM

where C is the concentration of Mg, ¢ is the
diffusion time, and r is the radius of the spherical
particle. Ci is the Mg concentration at the particle—
matrix interface, which is approximately equal to
the equilibrium solubility of Mg in the matrix at
the homogenization temperature and can be
obtained from the solvus curve of the Al-Mg—Si
diagram [12]. Cp is the Mg content inside the
particle, and Cy is the initial average Mg content in
the matrix, assumed to be uniform across the matrix,
which can be estimated from mass conservation
as [41]

CM zﬁ(CA - \II\/IgZSICP) 4)

v

matrix

where Ca is the bulk concentration of Mg, fy
and f)'&5 are the volume fractions of matrix and
Mg,Si particles at the start of the isothermal holding
stage. This equation assumes that the sum of

s and - f£)'5 equals one, namely neglecting
the volume fraction of the Fe-bearing phase.

The solution of the Fick’s second law can be

solved according to the boundary conditions and
expressed by the Gauss error function solution:

(CI—CM)F( x—r j
C,n=Cy+———| l-erf — 5
() =M . D1 (%)

The evolution equation of the radius of the
spherical phase with diffusion time is expressed as
L:l_k_l)zt_k 2 (6)
Ty 2ty n\m
where k is supersaturation parameter defined as
=2(Cr—Cw)/(Ce—C) [39], 7o is the initial radius at
the start of the isothermal holding stage and
obtained in Fig. 8(d), which is within the range of 1
to 10 pum.

When the homogenization temperature is
560 °C, the values of Ci, Cp, and Cw are about 0.97,
63, and 0.27 (wt.%), respectively, and &k can be
calculated as about 0.02. Figure 13(b) shows the
dissolution rate curves of Mg,Si particles at the
isothermal holding stage. It shows that the Mg,Si
particle with a size of 10 um can be completely
dissolved in about 10000s during isothermal
holding at 560°C, which is close to the
experimental result (~174 min).

Figure 2(b) displays the segregation of solutes
(Mg and Si) in the dendrite region, and the solute
concentration near the dendrite cell boundary is
much higher than that inside the dendrite cell.
Besides, the solute concentration gradient can be
supported by the undissolved Mg,Si particles.
Therefore, the homogenization process also needs
to consider eliminating the solute segregation
caused by dissolved Mg,Si particles. It is assumed
that there is a solute concentration gradient inside
the dendrite before the complete dissolution of
Mg, Si, which is still considered the diffusion of Mg
atoms only. According to the boundary conditions
derived from Fig. 13(c), the Fourier series solution
of Fick’s second law is as follows [42]:

. X Dr’
C(x,,)ICO+(C1—C0)s1n76xp[— e tj (7)

where Cy is the average concentration of Mg, 24 is
the SDAS and is measured in Fig. 2. It is generally
considered that the solute diffuses uniformly when
the concentration difference decays to 1% of the
initial state [42]. The equation describing the
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diffusion process can be expressed as

n° Dyt

Ry Dl
12(22)

1
770 (®)

In

Figure 13(d) shows the diffusion kinetic curves
of Mg atoms based on Eq. (8). It suggests that the
time required to eliminate the segregation of
Mg atoms increases with SDAS at the given
homogenization temperature. When the SDAS
equals 60 um, the Mg atoms diffuse uniformly in
about 520s at 560°C. It is obvious that the
segregation elimination time is short compared to
the time for dissolving Mg,Si particles. Accordingly,
the complete dissolution time of the Mg,Si particles
is more valuable for formulating a homogenization
regime.

Based on the microstructure characterization
(Fig. 8), the solutes can be diffused uniformly after
homogenization for about 280 min at 560 °C. In
this study, the diffusion of Mg atoms is regarded
as the rate-determining step (RDS) for
homogenization. The kinetics analysis indicated
that the acquired homogenization time is about
272 min (plus heating-up time), which agrees with
the microstructure characterization results.

Ceny

t>0 t=0
Cr

(a)

Spherical diffusion field

[z B e

Second dendrite arms

24

X

4.3 Evolution of Fe-bearing phase
homogenization

Figure 9 shows that the Fe-bearing phases are
refined during the first 360 min of homogenization
and coarsened slightly during the subsequent
soaking. The variation in the geometric parameters
of the Fe-bearing phase implies that its type may
change. The method of determining the type of
Fe-bearing phase via the Fe:Si ratio (at.%) obtained
by EDS is generally accepted [10,21,22,27,43]. In
this study, the EDS is used to distinguish the type of
Fe-bearing phase and determine the degree of
transformation of f to a. The Fe:Si ratios of
Fe-bearing phases are plotted in Fig. 14(a). The
Fe:Si ratios of the Fe-bearing phases increase after
being homogenized at 560°C for 960 min.
However, the Fe:Si ratios of most Fe-bearing
phases are lower than those of a-AlFeSi. It suggests
that only a small portion of f-AlFeSi particles
formed during solidification is converted to a-AlFeSi
particles. The XRD result for the homogenized
alloy also indicates that S-AlFeSi is still the
dominant Fe-bearing phase in the alloy (Fig. 14(b)).
Accordingly, the majority of the p-AlFeSi
phases merely undergo morphological alterations.
Due to the difference in solute concentration at the
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Fig. 13 (a) Schematic diagram of solute concentration in vicinity of spherical particles; (b) Dissolution rate curve of

Mg>Si particles at 560 °C; (c¢) Schematic diagram of solute concentration between second dendrite arms; (d) Diffusion

kinetics curves of Mg atoms



3550

Dong JIN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3536—3553

18f@ N >
s N o
v // \ Q@
o /
15+ V. A
) / A JAY 1
spp & /A 5 J
3 / A KN Ay
S L / () /X (O
g 9 [ < /
g Dd
L 6F L /O
W
3 ”@ // O As-cast
~ Homogenization
0E I B — 1 I

" Y
.
| Lo

0 3 6 9 12 15 18
Si content/at.%

20 30 40 50 60 70 8 90

Fig. 14 (a) Fe and Si contents in Fe-bearing phases of as-cast and homogenized (at 560 °C for 960 min) samples (The
Fe:Si atomic ratios of a- and f-AlFeSi are plotted in red and black lines, respectively); (b) XRD pattern of homogenized

alloy

p-AlFeSi/Al interface, solute atoms are diffused
from p-AlFeSi into the Al matrix, which causes
p-AlFeSi to dissolve and transform [8]. Since the
diffusion coefficient of Fe is lower than that of
Si [8], the Si in the Fe-bearing phase diffuses into
the Al matrix faster, and thus it is likely that the
diffusion of Fe is the RDS of the dissolution
process of S-AlFeSi. It is noteworthy that longer
soaking time leads to the coarsening of Fe-bearing
phases. On the contrary, it also results in a more
rounded morphology of the Fe-bearing phases,
which hardly affects the tensile properties of the
alloy (Table 5). Considering the evolution of
microstructure and the resource savings, the more
suitable homogenization parameters are determined
as 560 °C for 360 min for the studied alloy.

4.4 Tensile behavior of as-cast and homogenized
alloys

As discussed above, the dilute Al-Mg-Si
alloy undergoes three microstructural changes
when subjected to homogenization, including
precipitation and dissolution of the particles during
the heating-up stage, dissolution of eutectic Mg>Si
and solutes uniform, as well as the transformation
of p-AlFeSi during the isothermal holding stage.
The tensile data and fracture observations indicate
that the mechanical properties of the studied alloys
are mainly affected by the extent of the dissolution
of eutectic MgSi and the rounding of the
Fe-bearing phase. Besides, the samples were
quenched in water after the isothermal holding and
then stored at room temperature for a period of time

before the tensile tests, resulting in cluster-
hardening of the samples [44]. The microstructure
evolution causes the homogenized alloys to exhibit
different flow stresses and work-hardening
behaviors than as-cast alloys. As shown in
Fig. 11(b), the WHR curves of both as-cast and
homogenized alloys show a rapid decrease in the
elastic-plastic transition range and then exhibit an
approximately linear decrease in the plastic range.
The mechanism of the rapid decrease mainly
corresponds to the cross-slip of dislocations, while
the linear decrease mainly corresponds to dynamic
recovery, which 1is induced by dislocation
annihilation and the cross-slip of dislocations
bypassing the barriers to relax the inner stress
field [45]. It is clear that homogenized alloys have a
relatively low linear decrease rate in their WHR
curves compared to as-cast alloys. That is because
the solid solute atoms and clusters in homogenized
alloys make the annihilation process more difficult,
thereby reducing the dynamic recovery rate [46]. It
is worth noting that although the ductility of the
homogenized samples has been greatly improved,
the solid-solution strengthening
hardening result in an increase in deformation
resistance.

and cluster-

5 Conclusions

(1) MgSi and f-AlFeSi are the main
intermetallic compounds in as-cast alloys, which
are mainly distributed at grain boundaries. Inside
the dendrite cell, the concentration of Mg gradually
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increases from the center of the dendrite cell to its
edge, Si mainly segregates near the dendrite cell
boundary, and the content of Fe remains constant
and close to zero. Only the segregation of Mg can
be fully eliminated after homogenization treatment,
while Fe and part of Si still exist in the form of
insoluble Fe-bearing phases.

(2) The studied alloy homogenized at 560 °C
for 280 min is sufficient to dissolve eutectic Mg»Si
fully without overburning. For the isothermal
holding stage at 560 °C, the prediction results
derived from kinetic equations demonstrated that
the Mg,Si particles can be dissolved completely in
about 10000s (~166.7 min) and the Mg atoms
diffuse uniformly in about 520 s (~8.7 min). The
sum of the two parts is consistent with the
experiment results (174 min).

(3) The p-AlFeSi in the studied alloy exhibits
high thermal stability and mainly undergoes
dissolution and coarsening during homogenization
at 560 °C. Only a small amount of S-AlFeSi is
converted to a-AlFeSi after homogenization for
960 min. The optimal homogenization parameters
for the studied alloy are 560 °C and 360 min, when
considering the evolution of the microstructure and
the resource savings.

(4) The dissolution of Mg>Si and the rounding
of Fe-bearing phases during homogenization cause
a significant increase in the ductility of the studied
alloy. The increase in strength is caused by cluster
hardening after room temperature storage.
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