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Abstract

The Al-Si-Mg alloy is highly popular in the aluminum industry, and the Mg,Si/Al com-
posites demonstrate extensive development prospects. However, the practical production of
these composites still faces certain obstacles. In this study, Ls2(4) orthogonal experiments
were conducted to systematically examine the impact of heat treatment conditions on 15%
Mg2Si/Al-8Si composites with 0.5%Sb modification. The microstructures of the as-cast al-
loys and heat-treated samples were studied using OM, XRD, DSC, SEM, EDS, and hardness
tests. By conducting an orthogonal test, the influence of each factor was analyzed to quantify
its magnitude and identify the optimal heat treatment process. The results showed that the
hardness value of the alloy could be increased from 74.77 to 163.86 HV through heat treat-
ment. Additionally, the average particle size of the initial Mg2Si could be refined from 19.15
to 12.44 pm. Furthermore, the hardening mechanism of the heat treatment parameters was
discussed in detail.

Key words: 15%Mg2Si/Al-8Si composites, orthogonal experiment, heat treatment, hard-

ening mechanism

Highlights

— Among the nine factors considered in the de-
signed orthogonal experiments, the secondary solid
solution temperature and the secondary aging tem-
perature had the greatest influence on the properties
of the 0.5%Sb-metamorphosed 15%Mg,Si/Al-8Si al-
loy. The heat-treated alloy exhibited significant im-
provements, with the hardness value increasing from
74.77 to 163.86 HV and the average particle size of
the incipient MgsSi refining from 19.15 to 12.44 pum.

— The optimized heat treatment process involves
a primary solid solution temperature of 460°C, a pri-
mary aging temperature of 60 min, a secondary solid
solution temperature of 530°C, a secondary solid so-
lution time of 60 min, quenching in a salt solution, a
primary aging temperature of 180°C, a primary ag-
ing time of 180 min, a secondary aging temperature of
180°C, and a secondary aging time of 120 min.

— The structure of the alloy mainly consists of the
primary MgsSi phase, a-Al phase, and eutectic MgySi
phase. The solid solution and aging treatment process
helps reduce the energy required for alloy melting, in-
fluencing the dissolution and precipitation of solute
atoms. This, in turn, affects the number, size, and dis-
tribution of the second phase, ultimately leading to an
improvement in the hardness of the alloy.

1. Introduction

As a structural material, aluminum alloy has been
widely utilized in various advanced engineering fields,
including automotive, communications, aerospace, nu-
clear industry, and more [1-6]. However, with the ad-
vancement of human society, single traditional metal
materials have struggled to keep pace with social
progress. For instance, pure aluminum exhibits low
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strength, low hardness, low melting point, and various
deficiencies, making it challenging to employ directly
in industrial applications. Numerous advantages of
Al-Si alloy are achieved by utilizing Al-Si cast alu-
minum alloy as the matrix material and incorporating
15%Mg2Si-8Si composite by adding Mg element [7].
In contrast, the MgsSi phase in the material serves
as the strengthening phase, effectively enhancing both
the hardness and wear resistance of the alloy [8]. Al-
-Si-Mg alloy belongs to the 6XXX series of aluminum
alloys, which can be strengthened through heat treat-
ment [9] and plastic deformation. It is regarded as
one of the most extensively researched aluminum al-
loys. In aluminum alloy, when Si and Mg elements
[10-14] are introduced into the matrix, the forma-
tion of the MgsSi phase occurs. Among reinforcing
particles, MgsSi has a high Young’s modulus (120
GPa) and melting point (1083°C), and low thermal
expansion coefficient (7.5 x 107®K~!) and density
(1.99 g cm™3), which makes it an excellent reinforc-
ing phase for aluminum matrix composites [15]. The
MgsSi phase exhibits exceptional properties, including
a high elastic modulus, hardness, melting point, and
low density. As an in-situ synthetic particle-reinforced
aluminum matrix composite, the MgsSi/Al compos-
ite holds significant market potential and a promis-
ing development outlook. Mg2Si/Al matrix compos-
ites fabricated via conventional fusion casting are cre-
ated by solidifying the melt in its original position.
When the Mg and Si element content is high, the pri-
mary MgsSi phase tends to aggregate, forming coarse
particles. These particles often exhibit complex and ir-
regular shapes, predominantly with sharp angles. Due
to aggregation and growth, the primary MgsSi phase
in the aluminum matrix tends to have an uneven dis-
tribution. Angular primary MgsSi particles make it
susceptible to cutting through the matrix, reducing its
plastic toughness and overall composite performance
[16]. This is an important factor that hinders the pro-
motion and application of MgySi/Al matrix compos-
ites, thus limiting their widespread adoption in actual
production.

Rare earth elements are known as “industrial
monosodium glutamate” because of their active chem-
ical properties and special electron layer arrangement,
which allows them to react with most elements. The
microalloying method can effectively modify the mi-
crostructure of the coarse MgsoSi phase in the com-
posite obtained through fusion casting by incorporat-
ing trace alloying elements into the material. Rare
earth elements are added to MgSi/Al matrix com-
posites as metamorphic agents to enhance the me-
chanical properties of the materials by refining their
structure. Rare earth elements are added to MgsSi/Al
matrix composites as metamorphic agents to enhance
the mechanical properties of the materials by refin-
ing their structure. Different rare earth elements have

distinct functions in MgsSi/Al matrix composites. Re-
searchers have recently conducted numerous studies
investigating the mechanisms associated with various
rare earth elements. Aziz Islahuddin et al. [17] dis-
covered that adding Pr to the Al-15%Mg>Si compos-
ite resulted in white AISiPr intermetallic compounds
forming between the primary Mg,Si phases. Further-
more, the morphology and size of the primary MgsSi
phase were altered by modifying the solidification and
growth process of the equilibrium phase. In another
study conducted by Wang Keyan et al. [18], Gd was
added to the hypoeutectic Al-MgsSi composite. They
observed that a portion of Gd reacted with Al to cre-
ate the Al3Gd phase, which acted as a heterogeneous
nucleation site for a-Al. This process effectively re-
fined the a-Al phase in the composite. In addition,
the remaining portion of Gd leads to supercooling
of the composition by segregating around the eutec-
tic MgoSi phase. This segregation alters the growth
process of the eutectic MgsSi phase and modifies its
morphology. In a study conducted by Rozita Khor-
shidi et al. [19], it was discovered that adding Gd to
Al-15MgsSi composites resulted in the formation of
MgGd intermetallic compounds. The morphology of
these compounds was found to be dependent on the
amount of Gd added to the composite. The metamor-
phic effect of Gd on the Mg,Si phase occurs by in-
hibiting the anisotropic growth of the primary MgsSi
phase by adsorption toxicity. By introducing Cr into
the Al-15%MgsSi composite, researchers found that
an Al;3CrySiy metal compound with a morphology
similar to that of the primary Mg-Si phase was created
[20]. The inclusion of Al-Si-Cr compounds in the mate-
rial leads to a significant increase in hardness, ultimate
tensile strength, and elongation [21]. Additionally, Sb
has been identified as an effective refining modifier for
this material. In a study conducted by Tang Peng et al.
[22], Al-11Si-9.5Mg-zSb alloys were prepared through
melting casting with varying Sb content (x = 0, 0.10,
0.15, 0.30, 0.50, 0.80, 1.00). The results showed that
as the Sb content increased, the shape of the second
phase in the alloy transformed from coarse and irreg-
ular to small multilateral shapes. The second phase
grew larger when more Sb was added, and the shape
became irregular. This had a similar impact on the
mechanical properties of the alloy, with a trend of
change observed. The optimal metamorphic effect was
achieved with the addition of 0.50 wt.% Sb.

There are numerous approaches to researching
and developing aluminum alloy materials. Heat treat-
ment is a highly effective and straightforward method
for improving the coarse microstructure of MgsSi/Al
composite materials. It can enhance the size, distri-
bution, and quantity of the microstructure in the al-
loy, thereby enhancing its comprehensive properties
and process properties. By implementing an appro-
priate heat treatment process, the alloying elements
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Table 1. Chemical composition of alloy raw materials

Mass fraction (%)

Raw materials

Si Sb Mg Fe Impurities Al

Al-20Si 19.54 - - 0.47 0.10 Bal.
Mg - - 99.85 0.02 0.08 -

Al-10Mg - - 9.65 0.10 0.10 Bal.

Al-5Sb - 4.98 - 0.01 0.01 Bal.

within MgoSi/Al matrix composites can be evenly dis-
tributed, leading to an optimized microstructure for
the composites [23]. Various heat treatment processes
are commonly employed to enhance the mechanical
properties of Al-Mg-Si alloys [24]. Li Zedi et al. [25]
discovered that by subjecting Al-10%Mg2Si compos-
ite to T6 heat treatment, the eutectic MgySi struc-
ture changed. It was broken down, spheroidized, and
transformed from long rod-like structures into short fi-
brous and spherical formations. Simultaneously, dur-
ing the T6 heat treatment, a significant quantity of
3" particles, characterized by dendrites smaller than
20 nm, were precipitated within the aluminum ma-
trix. The thinning of the eutectic structure and the
precipitation of nanoparticles have a significant im-
pact on the tensile strength of the alloy, leading to a
substantial increase in its strength. Malekan A. et al.
[26] conducted a detailed study on the solid solution
temperature of Al-15%Mg>Si. Within the temperature
range of 300 to 580°C, the microstructure of both pri-
mary MgsSi and eutectic MgoSi undergoes changes
as the temperature increases. The angular bulges in
the primary Mg,Si phase gradually become deacti-
vated, while the dendritic eutectic MgsSi microstruc-
ture transforms into short rod-like structures. These
alterations contribute to an improvement in the tensile
properties of the composites. However, if the solution
temperature surpasses 580°C, the material becomes
overburned, decreasing the tensile strength. Zhen L.
et al. [27] performed a two-stage aging process on
Al-1.11%8Si-0.62%Mg alloy and discovered that pre-
aging (80-170°C) can effectively hinder natural ag-
ing while enhancing the baking effect. This, in turn,
leads to improvements in hardness and yield strength
during the final aging stage. The solid solution treat-
ment must be carefully controlled to ensure the com-
plete integration of the strengthening phase and pre-
vent grain coarsening and overburning, as these fac-
tors can significantly affect the subsequent aging treat-
ment. Hence, studying the solution and precipitation
mechanisms of various heat treatment processes is of
utmost importance to meet the requirements of prac-
tical engineering applications.

Orthogonal testing allows a select number of rep-
resentative experiments to represent a larger set of
experiments. This approach enables the scientific ar-

rangement and analysis of multi-factor experiments,
facilitating the drawing of scientifically sound con-
clusions. In multi-factor analysis, the orthogonal test
method is proven to yield precise analysis results while
requiring fewer experimental designs. The heat treat-
ment process variations can have varying degrees of
impact on the overall properties of materials. In the
case of 6XXX series aluminum alloy, the solution
treatment step is crucial in the heat treatment pro-
cess. In this experiment, the hardness value and av-
erage particle size of primary Mg,Si were selected as
evaluation criteria. The objective was to optimize the
heat treatment process of a 15%MgySi/Al-8Si alloy
modified with 0.5%Sb element. This alloy combines
the reinforcement properties of the Mg,Si phase with
the excellent properties of Al-Si alloy. The optimiza-
tion was carried out using a nine-factor and four-level
orthogonal test. The hardening mechanism of Al-Si-
-Mg alloy was also explored and analyzed.

2. Materials and methods

In this experiment, high-purity industrial mag-
nesium (99.70 % purity), Al-20Si intermediate alloy,
Al-5Sb intermediate alloy, and Al-10Mg intermediate
alloy were utilized as the raw materials. These mate-
rials were used to synthesize a 15%Mg,Si/Al-8Si alloy,
which was further modified with 0.5%Sb. Composi-
tional testing was carried out using an American ther-
moelectric direct reading spectrometer ISPARKS8860
to determine the alloy composition, and the specific
composition of the alloy is shown in Table 1. When de-
signing the orthogonal experiment in this study, nine
factors were taken into account and denoted as A to
I. These factors included primary solution tempera-
ture (A), primary solution time (B), secondary solu-
tion temperature (C'), secondary solution time (D),
quenching medium (FE), primary aging temperature
(F), primary aging time (G), secondary aging tempe-
rature (H), and secondary aging time (I). For each
factor, four levels were considered. The specific influ-
encing factors and their corresponding levels are pre-
sented in Table 2. An orthogonal experiment scheme
with nine factors and four levels was designed using
the orthogonal design assistant software. The orthog-
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Table 2. Factors and levels of L32(4°) orthogonal experiment

Factor A B C D E F G H 1
Level (°C) (min) (°C) (min) (°C) (min) (°C) (min)
1 400 30 490 30 water 120 60 150 60
2 420 45 510 45 oil 140 120 165 120
3 440 60 530 60 salt solution 160 180 180 180
4 460 75 550 75 alkali solution 180 240 195 240

Table 3. Results of orthogonal test scheme for as-cast alloy and heat treatment

No. A B C D E F G H I Hardness  Particle size
(°C)  (min) (°C)  (min) (°C)  (min) (°C)  (min) HV (nm)
0+ - - - - - - - - - 74.77 19.15
14# 400 30 490 30 water 120 60 150 60 96.58 18.01
2H# 400 45 510 45 oil 140 120 165 120 113.60 16.59
3H# 400 60 530 60 salt solution 160 180 180 180 163.86 13.81
44 400 75 550 75 alkali solution 180 240 195 240 138.90 14.88
5H4 420 30 490 45 oil 160 180 195 240 118.86 13.84
6# 420 45 510 30 water 180 240 180 180 137.50 15.09
T# 420 60 530 75 alkali solution 120 60 165 120 127.70 13.48
8H# 420 75 550 60 salt solution 140 120 150 60 122.02 16.46
O# 440 30 510 60 alkali solution 120 120 180 240 150.66 14.79
104 440 45 490 75 salt solution 140 60 195 180 109.66 14.04
11# 440 60 550 30 oil 160 240 150 120 157.36 16.29
12# 440 75 530 45 water 180 180 165 60 151.62 14.17
13# 460 30 510 75 salt solution 160 240 165 60 145.08 14.10
144 460 45 490 60 alkali solution 180 180 150 120 144.82 12.44
15# 460 60 550 45 water 120 120 195 180 145.96 15.17
164 460 75 530 30 oil 140 60 180 240 148.44 14.69
17# 400 30 550 30 alkali solution 140 180 165 180 134.70 16.54
18# 400 45 530 45 salt solution 120 240 150 240 132.50 15.53
19# 400 60 510 60 oil 180 60 195 60 131.76 14.86
204# 400 75 490 75 water 160 120 180 120 128.58 16.03
21# 420 30 550 45 salt solution 180 60 180 120 140.82 14.36
224 420 45 530 30 alkali solution 160 120 195 60 131.56 15.83
23# 420 60 510 75 water 140 180 150 240 112.38 16.34
244 420 75 490 60 oil 120 240 165 180 101.64 18.18
254 440 30 530 60 water 140 240 195 120 136.50 15.77
264 440 45 550 75 oil 120 180 180 60 141.78 16.82
27# 440 60 490 30 salt solution 180 120 165 240 124.18 16.49
284 440 75 510 45 alkali solution 160 60 150 180 114.00 16.31
29# 460 30 530 75 oil 180 120 150 180 127.58 16.23
30# 460 45 550 60 water 160 60 165 240 132.90 16.65
31# 460 60 490 45 alkali solution 140 240 180 60 118.84 15.80
32# 460 75 510 30 salt solution 120 180 195 120 120.50 14.45

onal table can be denoted as L3z(4%), where n repre-
sents the total number of experiments, r represents the
number of levels of each factor, and m represents the
number of factors participating in the experiment. In
this study, the Vickers hardness value and the average
particle size of primary MgsSi were used as orthogonal
evaluation indexes.

The 15%MgySi/Al-8Si alloy modified by 0.5%Sb
was prepared using the traditional fusion casting
method. The smelting process took place in a resis-
tance furnace with the model SG2-7.5-10, and the

specific experimental process is illustrated in Fig. 1.
After the casting process, the rod sample has a size
of ¢ 25 x 130 mm?. After the casting process is com-
pleted and the sample is completely cooled, the sample
number is cut out using the Struers manual cutting
machine model Labotom-15. The samples are sequen-
tially numbered, and the corresponding heat treat-
ment is conducted in a box furnace based on Ta-
ble 3. Subsequently, the metallographic samples are
prepared. The metallographic samples are subjected
to corrosion using a 0.5%HF solution for 8-10s, fol-
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Fig. 1. Flow chart of melting and casting process.

lowed by rinsing and blow-drying. Optical observation
and metallographic photographs can be taken using
the Axio Observer Alm Zeiss metallographic micro-
scope. Finally, the Vickers hardness was measured us-
ing an HVS-1000Z digital display microscope manu-
factured by Shanghai Zhongyan Instrument Factory.
The test was conducted under a test force of 1kgf
for a loading time of 15s. Any points with signifi-
cant deviations in each sample were removed to en-
sure accuracy. The remaining 10 readings were then
taken as the hardness value of the sample. For X-ray
diffraction analysis (XRD), the D/Max-2400 powder
X-ray diffractometer was utilized with a CuKa tar-
get. The test voltage was 40 KV, and the current was
30 mA. The scanning speed for the analysis ranged
from 10° to 90°, with a rate of 10 degrees per minute.
The micro-morphology of the alloy was observed us-
ing the Hitachi TM4000 Plus bench scanning elec-
tron microscope (SEM). Additionally, the composi-
tion of the alloy was analyzed using the IXRF sys-
tem 5501 EDS spectrometer. In addition, the STA 449
F5 Jupiter Netzsch synchronous thermal analyzer was
used to conduct a differential scanning calorimetry
(DSC) test. The test was performed in a nitrogen-
protected gas environment. For the experiment, an
Al;O3 crucible was selected as the container. The tem-
perature scanning range for the DSC test was set from
room temperature 25 to 800°C. The heating rate used
during the test was 10 K min—!.

3. Results and discussion
3.1. Orthogonal test visual analysis

The eutectic phases of the AlSiMg alloy are Al so-
lution (a-Al), Si, and the intermetallic MgsSi solu-
tion phase (see Fig. 2) [28]. It demonstrates the re-
lationship between the composition of the alloy and
its solidification path. The solidification order of the
15%Mg2Si/Al-8Si alloy with 13.5 wt.% of Si can be
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Fig. 2. Phase diagram of Al-Si-Mg system.

represented by Eq. (1) [29]:

L — Ly + (Mg,Si)p — (Si+ Mg,Si)y —
(Al+ Si+ Mg,Si)g , (1)

where the subscripts P and E in the statement denote
the primary and eutectic phases, respectively. The
Mg Si content of 15 % in the alloy exceeds its pseudo-
binary eutectic point by 13.9 wt.%, categorizing it as
a per-eutectic alloy. During the per-eutectic solidifi-
cation process, Mg,Si is initially formed as the incipi-
ent phase. As the solidification progresses, the eutectic
phases, such as the MgySi phase and the a-Al phase,
are precipitated [30]. The microstructures of the as-
cast pristine alloy (0#) and the alloys (1#-32#) un-
der various heat treatment experimental protocols are
depicted in Fig. 3. It is evident from Fig. 3 that the
0.5%Sb-metamorphosed 15%Mg2Si/Al-8Si alloys pre-
dominantly comprise a white «(Al) matrix, black S-
phase (Mg,Si), and grey « + (S-phase (MgoSi). After
the solid solution treatment, the alloy undergoes a pro-
cess where the low melting point phases dissolve into
the matrix, reducing the microscopic segregation in
the cast state structure. Subsequently, during the ag-
ing treatment, the second phases gradually precipitate
in the matrix and hinder the movement of disloca-
tions. Based on Fig. 3, it is evident that the parti-
cles in the heat-treated specimens exhibit significant
spheroidization compared to the original samples. Fur-
thermore, different heat treatment processes result in
varied shapes, sizes, and distributions of the a and
5 phases within the alloys. As a result, the mate-
rial’s hardness increases, and its properties become
distinct.

In this experiment, the data from orthogonal tests
are processed using a simple, easy, and intuitive anal-
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Fig. 3a. Optical microstructure of as-cast alloy and different heat-treated alloy: Original cast sample.

ysis method known as the method of polar devia-
tion. The intuitive analysis approach helps address
two main issues: determining the magnitude of the ef-
fect of each factor on the index and identifying the op-
timal level of each factor. This method provides a gen-
eral and intuitive way of analyzing the data. In the ex-
periment, the nine factors are denoted as A, B, C, D,
E, F, G, H, and I, which correspond to primary solid
solution temperature, primary solid solution time, sec-

ondary solid solution temperature, secondary solid so-
lution time, quenching medium, primary aging tempe-
rature, primary aging time, secondary aging tempe-
rature, and secondary aging time, respectively. Each
factor has four levels represented by the numbers 1, 2,
3, and 4. The range of a factor can be determined
by calculating the difference between its maximum
and minimum average values across all levels, as ex-

pressed by Eq. (2) [31]:
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Fig. 3c. Optical microstructure of as-cast alloy and different heat-treated alloy: Heat-treated 1#-32# specimens in turn.

l
1
Kab = 7 Zyab (2)

b=1
R; = max(K,p) — min(Kqp)
where K, is the average value of the corresponding
experimental index y,;, when the factor is a and the
level is b, and [ denotes the factor’s level number.
The experimental program was conducted following
the specifications in Table 2. Hardness values and the

average particle size of incipient Mg, Si were measured
for each group of specimens in the orthogonal test.
The experimental results obtained were recorded and
are provided in Table 3. Based on Eq. (2), the ex-
perimental results were analyzed using the analysis of
variance (ANOVA) method to calculate the sum of the
factors at different levels. Subsequently, the extreme
variance of each factor was determined based on the
calculated sums. The results of this analysis are pre-
sented in Table 4. After heat treatment, the hardness
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Fig. 3d. Optical microstructure of as-cast alloy and different heat-treated alloy: Heat-treated 1#-32# specimens in turn.

value of the 0.5%Sb-metamorphosed 15%MgoSi/Al-
-8Si alloy can be increased from 74.77 to 163.86 HV.
Additionally, the average particle size of its incipient
MgsSi can be reduced from 19.15 to 12.44 pm through
the heat treatment process.

In the visual analysis of orthogonal tests, the mag-
nitude of the extreme difference value for an indica-
tor reflects the impact of a factor on that indicator.
A larger extreme difference value suggests that the
factor has a greater influence on the indicator and is

typically considered a primary factor. Conversely, a
smaller extreme difference value indicates a smaller
impact and such factors are typically considered sec-
ondary factors. In this experiment, the hardness value
and the primary MgsSi particle size are considered
as the indices of heat treatment effectiveness. Higher
hardness and smaller primary MgsSi particle size in-
dicate a better heat treatment effect. By comparing
the sums of different levels under each factor, the level
number corresponding to the highest hardness value is
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Table 4. Range analysis table

Parameters A B C D E F G H 1
k1 130.06 131.35 117.90 131.35 130.25 127.17  125.23 125.91 129.91
ko 124.06 130.54 128.19 129.53 130.13 124.52 130.52 128.93 133.74
Hardness ks 135.72 135.26 139.97 135.52 132.33 136.53 136.07  141.31 129.36
@ 135.52 128.21 139.31 128.96 132.65 137.15 133.54 129.21 132.35
R; 11.66 7.04 22.08 6.56 2.52 12.63 10.83 15.41 4.37
k1 15.78 15.46 15.60 15.92 15.90 15.80 15.30 15.95 15.76
ko 15.45 15.37 15.32 15.22 15.94 15.78 15.95 15.78 14.93
Particle size ks 15.59 15.28 14.94 15.37 14.91 15.36 14.80 15.17 15.67
ka 14.94 15.65 15.90 15.24 15.01 14.82 15.71 14.86 15.40
R; 0.84 037 096 070 103 099 115  1.10  0.83
considered the optimal level for that factor, while the 2.0
level number corresponding to the smallest primary e (a) Bl Mg, Si particle size

MgsSi particle size is considered the optimal level for
that factor. Based on the findings presented in Ta-
ble 4, Figs. 4 and 5 display the polar plots illustrating
the impact of each factor on the hardness value and
the average particle size of incipient Mg,Si, as well as
the trend of this effect. The comprehensive balance
method was utilized to statistically analyze the or-
thogonal test results using a single index, namely the
hardness value. The analysis revealed that the nine
factors have an impact on the hardness value in the
following order: C > H > F >A>G>B>D>1
> F. Using the hardness value as the evaluation index,
the optimal levels for each factor were determined to
be: A3B303D3E4F4G3H3[2. This indicates that the
first solid solution temperature should be 440°C, the
first aging temperature should be 60 min, the second
solid solution temperature should be 530°C, the sec-
ond solid solution time should be 60 min, the quench-
ing medium should be an alkaline solution, the first
aging temperature should be 180°C, the first aging
time should be 180 min, the second aging temperature
should be 180°C, and the second aging time should be
120 min. The order of magnitude of the influence of
the nine factors on the average particle size of primary
MgsSiisasfollows: G>H >E>F>C>A>1>D
> B. Using the average particle size of primary MgsSi
as the evaluation index, the optimal levels for each
factor are determined to be: AyB3C3DoEsF G Hylo.
This means that the first stage of the solid solution
temperature should be 460°C, the first stage of the
aging temperature should be 60 min, the second stage
of the solid solution temperature should be 530°C,
the secondary solid solution time should be 45 min,
the quenching medium should be salt solution, the
primary aging temperature should be 180°C, the pri-
mary aging time should be 180 min, the secondary ag-
ing temperature should be 195°C, and the secondary
aging time should be 120 min.

From Fig. 3, it can be observed that the hard-
ness value and the average particle size of incipient

A B C D _E F G H 1
Factors

20 (b) I Hardness value

. — - l) - SHIL S S— -
Factors

Fig. 4. Range map of each factor concerning the evaluation
indicator.

MgsSi in the 0.5%Sb-modified 15%MgoSi/Al-8Si al-
loy are primarily influenced by the temperatures of
primary and secondary solid solution and aging. The
secondary solid solution and secondary aging tempe-
ratures exert the most significant impact among these
factors. Temperature is the most important factor af-
fecting the diffusion coefficient, by the Arrhenius-type
equation, Eq. (3) [32]:

D = Dyexp (%) , (3)

where D is the diffusion coefficient, Dq is the diffu-
sion constant, T is the absolute temperature, @ is the
diffusion activation energy, and R is the universal gas
constant. The diffusion rate increases as the tempera-
ture rises. As the secondary solid solution temperature
increases, the hardness value of the alloy gradually
improves, and the particle size of the primary MgySi
decreases. These effects reach their peak at 530°C,
after which the hardness decreases and the primary
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Table 5. Optimum heat treatment parameters

Factor A B C D

E F G H I

Optimum parameter 460°C 60 min  530°C

60 min

salt solution 180°C 180 min 180°C 120 min

16.1

Hardness (HV)
— — Particle size (pm)
15.9

\| ]
a

- 149

BIB: ClAs DiDs Eil Es FIFs G Gs HIH: Il I3
Influence trend chart relationship diagram
between the factors and indicators

Al A3

Fig. 5. Influence trend chart relationship diagram between
the factors and indicators.

MgsSi phase coarsens with further temperature in-
crease. As the secondary aging temperature increases,
the hardness value of the alloy gradually improves,
and the particle size of primary MgsSi decreases. The
hardness value reaches its peak at 180°C, decreasing
with further temperature increase. However, the par-
ticle size of primary MgsSi continues to decrease. The
secondary solid solution temperature and secondary
aging temperature significantly impact the precipita-
tion of di-phase particles during the heat treatment
process. Among the specimens, Specimen 3# demon-
strates the most favorable heat treatment effect as its
secondary solid solution temperature and secondary
aging temperature are at the optimum level. This re-
sults in a hardness value of 163.86 HV and primary
Mg,Si particle size refined to below 14 pm. Through
an intuitive analysis of the changing trend between
the factors and indicators, as depicted in Fig. 5, it
is observed that the highest hardness value and the
smallest primary MgsSi particle size coincide with the
optimal level of each factor. This information can be
directly obtained. The optimal heat treatment pro-
cess parameters can be determined by comprehen-
sively considering the hardness value and average size
of the primary MgySi particles. These optimized pa-
rameters are presented in Table 5, obtained through
the orthogonal test of L3z (47).

Particle size (um)

3.2. Hardening mechanism of alloys

During the solid solution treatment process, the
duration of solid solution time significantly influences
the size and morphology of alloy grains, the extent
of solid solution for strengthening elements, and the
quantity and size of precipitates formed by the second
phase after aging. As the solid solution temperature
rises, the degree of supersaturation in the solid solu-
tion also increases, resulting in a higher driving force
for phase transition. This, in turn, reduces the critical
nucleation size of aging precipitation and increases the
nucleation rate, ultimately enhancing the strengthen-
ing effect. From Fig. 3, it is evident that the heat
treatment caused a transformation in the shape of the
primary Mg,Si within the alloy. It changed from irreg-
ular polygonal to regular massive with a uniform dis-
tribution. Additionally, the grain structure of the alloy
was refined as well. The process parameters of speci-
mens 3# and 12# are closer to the optimal heat treat-
ment conditions, resulting in good mechanical proper-
ties and smaller primary MgsSi. In specimen 3#, the
secondary solid solution temperature is optimal, while
in specimen 124, the secondary aging temperature is
slightly lower. This lower temperature slightly reduces
the heat treatment effect due to the lack of elemen-
tal diffusion power. When the alloy is subjected to
a secondary solid solution temperature of 530°C, the
driving force for recrystallization is higher. This tem-
perature allows for the solid solution of alloying ele-
ments such as Mg and Si in the alloy matrix, resulting
in solid solution strengthening. The presence of solute
atoms and solvent atoms with different diameters re-
sults in the formation of lattice distortion around the
solute atoms. This distortion acts as a hindrance to
dislocation movement, making slip difficult to occur.
As a result, the hardness of the alloy is increased. The
variation in hardness in the alloy is closely tied to the
precipitation state of the second phase. It has been ob-
served that the secondary aging temperature of 180°C
is optimal for promoting an increase in both the num-
ber and size of the precipitated phases, resulting in
an optimal enhancement in hardness. At lower aging
temperatures, the precipitation of the second phase in
the alloy is incomplete, resulting in a decrease in the
alloy’s hardness. In the following sections, the harden-
ing mechanism of the alloy will be further investigated
using 3# and 12# specimens.

As observed in Fig. 2 of the metallographic pic-
ture, the original as-cast 0.5%Sb-metamorphosed Al-
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-15%MgSi-8Si alloy (04#) exhibited a dendritic distri-
bution of a-Al. The incipient MgsSi phase was coarse,
massive, and fragmented, with irregular shapes and
sharp edges and corners. An aggregation phenomenon
was observed, resulting in uneven distribution within
the aluminum matrix. The eutectic structure was also
found to be aggregated and distributed along the
boundaries of the a-Al matrix. In specimen 3, the pri-
mary MgsSi phase appears finer and more uniformly
distributed. It exhibits a better-rounded shape with
white coils inside, giving the appearance of dividing a
particle into multiple small cells. The eutectic struc-
ture is also finer in comparison, displaying a fishbone
distribution or diffuse distribution pattern. Further-
more, the a-Al phase appears very clean and bright,
with a labyrinthine distribution. Primary MgsSi of
12# is finer but slightly agglomerated in distribution;
the angles are a bit sharp and may cut the matrix,
and internally white coils are dividing a particle into
several cellular shapes; the eutectic organization is
finely striated, herringbone, and diffusely distributed;
and a-Al is dendritic in distribution, with the pres-
ence of secondary dendrites, which are not as bright.
The grain size distributions of the specimens (04, 3#,
12#) before and after heat treatment are statistically
presented in Fig. 6. After heat treatment, the organi-
zations of the 3# specimen and 12# specimen were
optimized, and their incipient MgySi was effectively
refined, and its distribution was more uniform.
Al-Mg-Si alloys are age-hardening alloys, primarily
consisting of Mg and Si as alloying elements. In these
alloys, the precipitation order is typically considered
to be as follows: [33]: SSSS — atomic clusters — GP
zones — 3’ — 4/, Ul, U2, B’ — 3, Si. Figure 7 dis-
plays the X-ray diffractograms of specimens 0#, 3#,
and 12#. The diffractograms reveal the presence of
various phases, including the Mgz Sbs phase, Al1oMgi7
phase, AIMg,Sis phase, and the matrix Al and § and
Si reinforced phases. After undergoing solid solution
and aging treatment, two primary precipitation phases
are observed in the alloy: the MgsSi equilibrium phase
and the massive single-crystal Si phase. These phases
exhibit a more uniform distribution throughout the
alloy. The purpose of solid solution treatment is to
dissolve the MgsSi phase and impurity elements that
have precipitated during the solidification of the lig-
uid metal into the a-Al matrix. This incorporation
allows the alloy to form finer precipitated reinforcing
phases from the supersaturated solid solution during
aging, ultimately enhancing the strength of the alloy.
Additionally, the solid solution treatment can lead to
the dissolution and refinement of the coarse MgySi
phase and other secondary phases present in the alloy.
This process helps reduce the presence of secondary
phase prongs and corners within the matrix and mit-
igates stress concentration caused by these secondary
phases. Furthermore, the fine second phase and impu-
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Fig. 7. XRD pattern of the samples 0#, 3#, and 12+#.

rity phases can be dissolved into the matrix, forming
a supersaturated solid solution. The grain growth pro-
cess observed during the heat treatment of the Lz (4°)
orthogonal experiment designed for this study aligns
with the grain growth model proposed by Kopp R. et
al. [34], as demonstrated in Eq. (4):

dy = d' M exp ( RQJ{,) : (4)

where d; is the grain size, dy is the initial grain size,
A and m are material constants, ¢ is time, Q1 is the
free diffusion activation energy, and 7" is the solid so-
lution temperature. The observation reveals that the
grain growth process during heat treatment is pre-
dominantly influenced by the solid solution tempera-
ture and the duration of the solid solution treatment.
Higher solid solution temperatures and longer solid
solution times result in larger grain sizes following the
solid solution treatment. At a secondary solid solution
temperature of 530°C, the microstructure of the alloy
benefits from the higher solid solution temperature
as it provides sufficient energy for the dissolution of
Mg»Si co-crystalline compounds into the matrix. Sub-
sequently, the dispersed precipitation of -phase par-
ticles occurs during aging, resulting in a more homo-
geneous microstructure. Consequently, the specimen
exhibits improved comprehensive mechanical proper-
ties. Figure 7 illustrates that the area occupied by the
Mg,Si phase and single-crystal Si phase in the heat-
-treated 3# and 12# specimens is noticeably larger
than in the 0# specimen. Additionally, the diffraction
peaks appear broader, implying that the heat treat-
ment significantly enhances the dissolution and pre-
cipitation of MgsSi co-crystalline compounds, leading
to their refinement. This observation is further sup-
ported by Fig. 6. The hardness is usually proportional

]
lCXO I 0#
: : . o s fl I 3#
, [No. 1°C 1PC mMPEC 1V AC areantt] || 2
“|# 5605 5779 -~ 5849 3105/ | 12#
#3 5569 5733 5849 6078 2912 |f

#12 5572 5731 5835 6037 2619 | [
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Temperature (°C)

Fig. 8. DSC curves of the sample 0#, 3#, and 12#.

to the yield strength, so according to the Hall-Petch
equation, the Vickers hardness and yield strength are
related to the grain size and the interlayer spacing,

which can be calculated from Eq. (5) [35]:
oy = 0+ kA% + kgpd 3, (5)

where oy, is the intrinsic frictional stress, d is the grain
size, X is the interlayer spacing, and kg1, and ki, are
Hall-Petch slope constants related to grain strength
and laminated interface strength, respectively. The
smaller the grain diameter (d), the higher the yield
load (oy). This indicates that after heat treatment,
the incipient MgsSi phase undergoes refinement, re-
sulting in a significant improvement in the hardness of
the alloy. The developed DSC processes for 04, 3#,
and 13# samples, which are performed at a heating
rate a= 20 Kmin~!, have been explained in Fig. 8.
As shown in Fig. 8, there are mainly four peaks in
the range of 400-700°C, of which peaks I and IV are
exothermic, and peaks II and III are heat-absorbing
peaks. Peak I indicates the precipitation of the inter-
mediate phase caused by Mg-Si clusters. Peak IT in the
graph corresponds to a temperature phase transition
that aligns with the melting of the Al-Si eutectic. This
finding is consistent with the temperature indicated
by the binary Al-Si phase diagram, which is 577°C.
The temperature information from the Al-Si phase di-
agram is depicted in the figures. Peak III is attributed
to the precipitation of MgzSbo particles, which are
influenced by heat treatment. Additionally, peak IV
corresponds to the melting temperature of a-Al. Af-
ter heat treatment, the energy absorbed by the alloy
(peak II, peak III) is lower compared to the as-cast
pristine samples. This can be attributed to the solid
solution and aging treatment, which reduces the en-
ergy required for melting and promotes the precipita-
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Fig. 9. The SEM and EDS results of alloy specimens: (a) and (b) 3#, (c) and (d) 12#.

tion of MgySi particles. As a result, the energy needed
is reduced, making the crystallization reaction more
likely to occur.

The hardness of a material is not only influenced
by its microstructure but also by the content and uni-
form distribution of its elements. Figure 8 displays the
SEM morphology and corresponding EDS analysis of
specimens 3# and 12#. It is evident that the incipi-
ent MgsSi in specimen 3# tends to be more rounded
compared to that of specimen 12#. This characteristic
makes the material less susceptible to brittle cracking
and enhances the hardness of the alloy. By utilizing
EDS analysis, it has been observed that all eutectic
tissues at position 1 are enriched with Si elements.
Similarly, eutectic tissues at position 2 are biased to-
wards Mg elements. Additionally, at position 3, the
incipient MgySi phase dominates the microstructure.
The aging process plays a crucial role in driving the
precipitation of the second phase in a material. Higher
aging temperatures lead to a faster decomposition of
the supersaturated solid solution, resulting in an ac-

celerated precipitation of the second phase. In other
words, increasing the aging temperature increases the
rate of the precipitation process. As the secondary ag-
ing temperature increases, the hardness value of the
alloy initially increases and then decreases, reaching
its peak at 180°C. Subsequently, the hardness value
of the alloy starts to decrease as the secondary ag-
ing temperature continues to rise. With the increase
in aging temperature, the concentration of Mg and
Si elements in the alloy will further increase. At the
peak of specimen 3#, the precipitation of the MgySi
strengthened phase reaches an optimal state in terms
of quantity, size, and distribution, resulting in an ideal
matching condition. The depletion of Mg and Si ele-
ments mainly occurs during the formation of the in-
cipient MgoSi phase. The 12# sample did not reach
the peak temperature, resulting in a slightly slower so-
lute atom diffusion rate. As a result, the precipitation
phase did not reach its optimal state. Some eutectic
phase precipitates are still present, which weakens the
strengthening effect of the precipitation phase. The
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precipitation of the second phase in the alloy exerts
a significant pinning effect on the movement of dis-
locations. Additionally, the precipitated phase main-
tains a co-lattice structure with the matrix, leading
to a broader range of point distortions within the ma-
trix. This diffusion reinforcement mechanism greatly
enhances the hardness of the material.

4. Conclusions

In this experiment, the heat treatment process of
a 15%MgsSi/Al-8Si alloy alloyed with 0.5%Sb was
investigated by conducting orthogonal experiments
OfL32 (49)

The following conclusions were drawn:

1. Among the nine factors considered in the de-
signed orthogonal experiments, the secondary solid
solution temperature and the secondary aging tem-
perature had the greatest influence on the properties
of the 0.5%Sb-metamorphosed 15%Mg,Si/Al-8Si al-
loy. The heat-treated alloy exhibited significant im-
provements, with the hardness value increasing from
74.77 to 163.86 HV and the average particle size of
the incipient MgsSi refining from 19.15 to 12.44 pm.

2. The optimized heat treatment process involves
a primary solid solution temperature of 460°C, a pri-
mary aging temperature of 60 min, a secondary solid
solution temperature of 530°C, a secondary solid so-
lution time of 60 min, quenching in a salt solution, a
primary aging temperature of 180°C, a primary ag-
ing time of 180 min, a secondary aging temperature of
180°C, and a secondary aging time of 120 min.

3. The structure of the alloy mainly consists of the
primary MgsSi phase, a-Al phase, and eutectic MgySi
phase. The solid solution and aging treatment process
helps reduce the energy required for alloy melting, in-
fluencing the dissolution and precipitation of solute
atoms. This, in turn, affects the number, size, and dis-
tribution of the second phase, ultimately leading to an
improvement in the hardness of the alloy.
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