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Abstract: The Al-Mg,Si in-situ composite is a lightweight material with great potential for application in fields
such as automotive lightweighting, aerospace, and electronic components. In this research, the modification,
semi-solid technology coupled with different types of electromagnetic stirring was applied to regulate the
undesirable solidified dendritic microstructure and facilitate the composites’ mechanical properties. The
spheroidization and refinement of Mg,Si and a-Al matrix in SM (semi-solid)+RES (rotate electromagnetic
stirring) sample and SM+SHES (single winding helical electromagnetic stirring) sample are realized under
the effect of fused dendrite arm, the decreased critical nucleate radius, and the increased nucleation rate and
extra supercooling degree induced by electromagnetic stirring. The Mg,Si phase in the SM+RES sample and
SM+SHES sample is refined by 73.4% and 75.7%, respectively compared to the AC (as-cast) sample. Besides,
the single winding electromagnetic stirring can lead to more homogeneously distributed physical fields, lower
temperature gradient, and more significant mass transfer, mainly responsible for the more homogeneous
distributed reinforced finer Mg,Si particles in the SM+SHES sample. Moreover, both the tensile properties and
hardness of modified semi-solid composites are improved through electromagnetic stirring. Compared with
RES, the improvement effect of SHES is more excellent. The SM+SHES sample possesses the highest Brinell
hardness (124.7 HB), and its quality index of tensile properties is 5.73% and 82.2% higher than that of the
SM+RES and AC samples, respectively.
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1 lIltI‘OdllCtiOIl steels, the Al-Mg,Si composites are widely applied to
manufacturing brake discs and engine liners because
At present, energy shortages and environmental of the high wear resistance, low density, low thermal
degradation are becoming increasingly severe. In this expansion, and low cost "', In this material, the Mg,Si
context, developing high-performance, lightweight reinforced particle is an intermetallic compound
materials is in line with the purpose of energy in-situ formed during solidification . Compared
conservation and emission reduction. Compared with with adscititious particle reinforced (ex-situ) Al-based
composites ™%, the Al-Mg,Si composites possess better
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at the sharp edges of the primary Mg,Si and dendritic
matrix in as-cast composites, the mechanical
performance is deteriorated "', Furthermore, the eutectic
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homogenization, refinement, densification, and spheroidization
of the composites are effective strategies, and dispersion
Mg,Si particles combined with the fine equiaxed o-Al matrix
are desirable microstructure.

The properties of materials depend on their microstructure,
and the design of the microstructure is closely related to the
processing technology. Firstly, the addition of modifiers, such
as P, Bi, Sr, Ce, Sb, Mn, and Y ", can break the dendritic
morphology of primary Mg,Si and promote its transformation
from different polygonal shapes into spherical particles
and dispersion distribution on the matrix. Tebib et al. !'*
reported that the Sr+P modifier can facilitate the morphology
transformation of Mg,Si from a coarse dendritic to a fine
polygonal shape, and the addition of Sr transformed the
morphology of the n-Fe (AlMg,FeSi¢) from a script-like to a
fine twin platelet form. Wang et al. "' found that despite the
effect of Sb on nucleation rate, the Sb can replace the position
of Si in the lattice and suppress the growth of Mg,Si along
<100> crystal direction, in this way, both the size and the
morphology of Mg,Si are regulated. Heterogeneous nuclei
are also an important mechanism for the refinement of Mg,Si
as well as the adsorption poisoning mechanism. As was
explored ', the addition of Sb can also promote the formation
of Mg;Sb, which is the heterogeneous nucleation core for
Mg,Si. Among all modifiers, Cu-14wt.% P modifier has good
modification effect and low cost Y, so it is selected to modify
the Al-Mg,Si composites in this study. However, achieving
only the refinement of reinforced particles is inadequate, and
the a-Al matrix should also be refined to further improve the
mechanical properties of the composites.

The semi-solid thixoforming technology is an effective
method for deriving compact non-dendritic matrix structures "'
Li et al. " found that the dendritic structure of AZ91D
magnesium alloy was transformed into a spherical structure
after semi-solid isothermal heat treatment, and the average size
of the primary phase also decreased significantly. Moreover,
combined with electromagnetic stirring, the segregation,
central porosity, and other casting defects will be relieved
more remarkably by semi-solid technology. In Nourouzi’s
work ') the particle size in A356 alloy prepared by a semi-solid
rheocasting process combined with electromagnetic stirring
was refined, and tensile properties were also improved. So, the
application of electromagnetic stirring in the semi-solid casting
process is a promising strategy for the quality-upgradation of
aluminum alloy ingots.

Compared with conventional rotary electromagnetic stirring
(RES), helical electromagnetic stirring (HES) exhibits more
tremendous potential in accelerating the mass/heat transfer of
molten metal in a three-dimensional direction, the simultaneous
solidification, and the alleviation of ingot defects ['*.
Interestingly, our team creatively proposed the single-winding
helical electromagnetic stirring (SHES) technology ™’
helical stirring of the metal melt can be achieved through only
one set of coils. The inherent drawbacks of the complex type
HES technology (composed of a combination of traveling
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wave stirrer and rotary stirrer), such as large volume and
mutual shielding of internal and external magnetic fields, can
also be avoided. However, the adoption of SHES in semi-solid
technology is rarely reported. Thus, the effect of SHES on
microstructure and properties of Al-Mg,Si composites is worth
studying.

Therefore, in this contribution, the SHES was used in the
synthesis of modifier-treated AI-Mg,Si composites through
semi-solid thixoforming to design a microstructure consisting
of globular matrix and reinforcing particles. Based on this, the
RES technique was applied to compare the effects of different
stirring methods on the modification of A1-Mg,Si composites.
What’s more, the finite element simulation was performed to
show the difference of physical fields distribution between
RES and HES. This research aims to provide valuable insights
for producing composites with superior mechanical properties.

2 Experimental procedure

2.1 Preparation process of Al-Mg,Si composites
through semi-solid technology

The commercial pure magnesium, pure aluminium, Al-29wt.% Si
master alloy, Cu-14wt.% P modifier were used as initial
materials, and the purity of pure aluminium and magnesium
was higher than 98%. The detailed weight of each initial
material is listed in Table 1. It can be seen that the weight
percentage of primary Mg,Si was determined to be 15%,
and P in Cu-14wt.% P accounts for 0.4wt.% of the total
composite material. Figure 1 shows the preparation process
of semi-solid Al-Mg,Si composites. The Al-29wt.% Si alloy
and pure aluminium were firstly put into a graphite crucible
(@50 mmx100 mm) and melted at 760 °C. After 15 min, the
pure magnesium was added, followed by the addition of an
appropriate amount of refining agent (KBF,+K,TiF+K,ZrF,),
and held for 10 min at 700 °C. Then, removed the slag on the
melt surface and raised the temperature to 850 °C. Finally, the
Cu-14wt.% P modifier was mixed into the molten metal and kept
it fully dissolved. The molten metal was poured into a tungsten
steel mold preheated at 200 °C, and then, a gravity casting
composites sample was synthesized. It was machined into a
slice (100 mmx80 mmx12 mm). The as-cast (AC) sample was
used to determine the temperature of the solid-liquid phase
region and to observe the microstructure of the composites
before it was electromagnetically stirred.

Subsequently, the as-cast composites were remelted at 700 °C
and then cooled to semi-solid temperature and ensure that the
solid fraction was 25%, the exact value of temperature was
about 603 °C (the reason will be given in the later section).
The RES and SHES were applied to the semi-solid slurry

Table 1: Detailed weight of each initial material

Initial materials  Al-29Si Al Mg Cu-14P

Weight (g) 200 545 80 25
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Fig. 1: Preparation process of Al-Mg,Si semi-solid composites

during the isothermal procedure. The stirring frequency and
time were 30 Hz and 15 min, respectively. The appearance
of SHES apparatus is shown in Fig. 2(a). The corresponding
structure of the magnetic yoke is given in Fig. 2(b). As for
the RES apparatus, its appearance is the same as that in
Fig. 2(a). But, it does not contain the internal magnetic yoke in
Fig. 2(b).

After electromagnetic stirring treatment, the semi-solid
slurry was poured into a cylindrical die preheated at 300 °C,
and was squeeze cast under a hydraulic press. The load was
approximately 200 MPa, and the whole process lasted 0.5 min.
Then, the squeeze cast composites were quenched to room
temperature by water. Meanwhile, other samples, which were
electromagnetic stirred, but without squeeze casting, were
directly cooled to room temperature in this way, the so called
undeformed samples were prepared to compare the effect of
electromagnetic stirring method on element segregation of
Al-Mg,Si composites.

2.2 Detection and characterization methods

The DSC test was conducted using an SDT Q600 synchronous
thermal analyzer to determine the temperature of phase

Fig. 2: Single winding helical electromagnetic stirring
apparatus (a) and internal magnetic yoke
structure (b); A-Yoke back, B-Inclined yoke to
generate helical electromagnetic force

transformation. All the samples were polished with #200-
#2000 sandpapers and were etched with 0.05% hydrofluoric
acid (HF) solution for microstructure observation. The
extraction of primary Mg,Si was conducted by sodium
hydroxide (NaOH). The microstructure detection was carried
out by an Axio Imager 2 Pol typed optical microscope (OM)
and an Axia-Chemi typed scanning electron microscope
(SEM). The Image Pro Plus® software was used for statistical
analysis of the average size of primary Mg,Si. The D/max
2500 PC typed X-ray diffractometer was used for the phase
analysis of the composites in a 26 range of 15°-90° (Cu Ka)
at the scanning rate of 1°-min”". The tensile test was conducted
through the MTS-810 typed tensile machine, and the tensile
rate was about 0.5 mm-min™. The samples for the tensile
test possessed a “dog-bone” shape, and the size was: 80 mm
(length)x10 mm (width)x6 mm (gauge width)x32 mm (gauge
length)x5 mm (transition circle radius). The hardness of the
composites was tested by an HB 3000 C typed hardness tester.
The macrostructure observation of undeformed (without
squeeze casting) electromagnetic stirred composites and the
detection of element segregation were conducted to measure
the stirring effect. The undeformed electromagnetic stirred
composites for macrostructure observation were etched by
Keller’s reagent (2.5% nitric acid+1% hydrochloric acid+
1% hydrofluoric acid+95.5% water) for about 15 s at room
temperature. For solute element segregation, an ICP test of
the drilled chips at the upper, middle, and lower points on
the center line of the longitudinal section of the composites
was conducted using a Plasma 3000 tester to measure the
distribution of Si and Mg content.

2.3 Finite element numerical simulation model

The numerical simulation was performed using ANSYS®
software (Technology Center of Angang Steel Co., Ltd., the
license number is No. 1071425) to analyze the influence of
different electromagnetic stirring methods on the physical
field distribution in AI-Mg,Si composites. The numerical
simulation model is shown in Figs. 3(a) and (b). Generally, the
direction of electromagnetic stirring force is perpendicular to
the coil planes in RES, as seen in Fig. 3(d). By tilting the yoke
at a certain angle, the electromagnetic force (F) can be divided
into horizontal circumferential force (F}) and force along the
drawing direction (F;). In this way, the helical electromagnetic
force was generated in SHES [Fig. 3(c)]. The inclination angle
of the magnetic yoke was 43° in this work. The flow, mass
transfer, and heat transfer equations were confirmed as follows.
At first, the electromagnetic force (F) is governed by Maxwell

equation °':

2
in(V'B)B—V[B—J 1
u 2u
where B and u are magnetic flux intensity and magnetoconductivity,
respectively. The flow equation is based on the Navier-Stokes
equation:
K2 s (puVyu=Np s Vius pgr F )
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Fig. 3: Model of electromagnetic stirring: (a) RES stirrer;
(b) SHES stirrer; The formation mechanism of
electromagnetic force in SHES (c) and RES (d);
Fy, means electromagnetic stirring force; F; was
circumferential component force of Fy, and F; was
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In Eq. (2), u means flow velocity, p is density, g refers to
gravitational acceleration, and the 7 is effective viscosity.
The mass conservation equation can be expressed as :

op

9P | i ouy = 3
2+ V(pu)=0 )

where ¢ is the time. Finally, for the heat transfer equation, the
relationship between the heat generated by the Joule heating
effect (Q), the thermal conductivity (X,), the specific heat (C,),
and the temperature (7) is **:

or

0=pC,— ~VKNT 4)

3 Results and discussion

3.1 Microstructure of Al-Mg,Si composites

The characterization results of the AC sample are depicted in
Fig. 4. According to results in Fig. 4(a), the extrapolated onset
temperature of the DSC curve is 545 °C, the endothermic peak
temperature is 583 °C, and the extrapolated end temperature
is 613 °C. Therein, the solidus and liquidus temperature (77)
are 583 °C and 613 °C, respectively. The solid fraction (f)
of semi-solid slurry is related to the melting point of pure
aluminium (7)), the semi-solid isothermal temperature (7),
and the equilibrium partition coefficient (k)

1
(I =T)

]
|y -1

In order to maintain the solid fraction of semi-solid slurry at
25%, the isothermal temperature should be 603 °C (Section 2.1).

Based on the results of Figs. 4(b), (c), and (d), it is indicated
that the AC sample is composed of primary Mg,Si [marked
as B in Fig. 4(c)], eutectic Mg,Si [marked as C in Fig. 4(c)],
o-Al matrix [marked as A in Fig. 4(c)] and eutectic Si [marked
as D in Fig. 4(c)]. The a-Al in AC sample showing a typical
dendritic structure, and fishbone like eutectic Si and octahedral
primary Mg,Si are also observed. Because of the addition of
Cu-14wt.% P, the characteristic peaks of Al,Cu are detected in
Fig. 4(b).

The microstructure of rotate electromagnetic stirred
semi-solid (SM+RES) composites and helical electromagnetic
stirred semi-solid (SM+SHES) composites is demonstrated in
Fig. 5. Compared with the AC sample, the microstructure of
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Fig. 4: DSC curve (a), XRD patterns (b), OM image (c), and SEM image (d) of as-cast
Al-Mg,Si composites. E-eutectic Si; F-primary Mg,Si; G-eutectic Mg,Si
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electromagnetic stirred semi-solid composites is remarkably
refined, and the corresponding shape of Mg,Si is near
spherical or irregular granular. Moreover, the a-Al phase
is also significantly spheroidized. The transformation of
morphology of Mg,Si can be attributed to the adsorption of P
element on the {100} surface, which induces the value of growth
velocity between <100> and <111> crystal direction close to
3%%/3 P4 More important, in the semi-solid forming process,
the crushing effect of mechanical deformation can lead to
the fracture of dendrites, and these broken dendrites can be
regarded as nucleation cores to promote the improvement of
nucleation rate. Furthermore, the suppression of growth by
rapid water cooling is the main reasons for the refinement of
Mg,Si and a-Al

The size range of Mg,Si in different samples is presented in
Fig. 6, and the morphology factor (K) of Mg,Si is listed in Table 2.
For the mathematical expression of X, it is seen as below >

2
_2And/P ©)
n
where n is the number of Mg,Si; 4 and P are the area and
perimeter of Mg,Si, respectively. The closer the value of K is
to 1, the closer the morphology of Mg,Si is to perfect spherical.
The results in Fig. 6 imply that the average size order of Mg,Si
is AC>SM+RES>SM+SHES. That’s to say, compared with
the SM+RES sample, the Mg,Si in the SM+SHES sample is
finer, and the size is decreased by about 8.45%. Besides, the
morphology of Mg,Si in electromagnetic stirred samples is
closer to spherical than the AC sample. Compared with the

K

Fig. 5: OM (a, b) and SEM (c, d) images of rotate electromagnetic stirred (a and c)
and helical electromagnetic stirred (b and d) samples
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Fig. 6: Statistical data of size distribution of Mg,Si in different samples: (a) AC sample;
(b) SM+RES sample; (c) SM+SHES sample
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Table 2: Value of morphology factor of different samples

Sample AC SM+RES SM+SHES

Value of K 0.62 0.93 1.04

SM+RES sample, the Mg,Si in the SM+SHES sample is more
rounded. Moreover, the size distribution of Mg,Si and a-Al in
the SM+SHES sample is more homogeneous than that in the
SM+RES sample, and this difference will be analyzed later.

3.2 Mechanical properties of Al-Mg,Si composites

The change in microstructure will necessarily cause a
difference in mechanical properties. In this section, the
hardness and tensile strength are executed to evaluate the
mechanical properties. The calculation expression of Brinell
hardness (HB) is:

i 0.204F
HE - = I:TEDb (Dy- \I(Db2 - diz)} @)
n

where 7 is the number of the hardness test points, the F
refers to the load, the D, is the diameter of indenter, and the
d; means the diameter of the ith indentation. The Q index is
used to reflect the quality of tensile properties, and it is explained
as a semilogarithmic plot of the ultimate tensile strength (UTS)
versus the fracture elongation (EL%) *: 0=UTS (MPa)
+150xlog(EL%). The results of mechanical properties
are shown in Fig. 7, and the data are listed in Table 3. It’s
indicated that the value of mechanical properties of AC sample
is relatively lower. Compared with AC sample, the hardness,
tensile strength, and ductility of electromagnetic stirred

samples are enhanced simultaneously. Compared to SM+RES
sample, the SM+SHES sample exhibits better mechanical
properties. The highest value of tensile properties Q index
(418.6) is acquired by single-winding helical electromagnetic
stirring, resulting in the highest Brinell hardness (124.7 HB).
The tensile properties of SM+SHES sample are about 5.73%
and 82.2% higher than the SM+RES sample and AC sample,
respectively.

The tensile strength (o) is remarkably influenced by the
grain size of the matrix (D,) and the size of reinforced particles

(d.), which can be explained by the equation below *"*:

oD, 2 <a Py ®)

where the 7, is the morphology factori and the V,, and V,are
the volume fraction of the matrix and reinforced particles,
respectively. Thus, it’s obvious that the SM+SHES sample
possesses the highest value of tensile properties Q index and
hardness. Apart from the value of mechanical properties, the
descending order of error limits for hardness values is AC
sample>SM+RES sample>SM+SHES sample. It is proved
from the other side that the microstructure of the SM+SHES
sample is the most uniform, which is consistent with the
results of Fig. 5.

The fracture morphology of samples at different states
is given in Fig. 8. In the AC sample, some primary Mg,Si
particles are embedded into the matrix, and these Mg,Si
particles possess complete octahedral morphology. Besides, the
crack exists on the surface of some primary Mg,Si particles,
and the propagation direction of the crack is parallel to <100>
direction. Moreover, the matrix does not exhibit a typical
ductile fracture morphology, and no a-Al adheres to the surface
of Mg,Si. In other words, the primary fracture mode of AC
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Fig. 7: Mechanical properties of Al-Mg,Si composites: (a) tensile curves; (b) Brinell hardness

Table 3: Detailed data of mechanical properties of Al-Mg,Si

composites
SAmpIS uTsS Elongation Q index Hardness
(MPa) (%) (MPa) (HB)
AC 165 2.7 229.7 98.2+1.6
SM+RES 276 6.3 395.9 120.410.6
SM+SHES 290 7.2 418.6 124.7+0.4
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samples is tearing at the bonding interface between the primary
Mg,Si and a-Al matrix. For SM+RES sample and SM+SHES
sample, the dimples start to emerge explosively. In the
SM+RES sample, the dimples are heterogeneously distributed,
indicating the uneven distribution of local deformation. As for
the SM+SHES sample, the size distribution of dimples is more
homogeneous, and the appearance of tearing ridges in Fig. 8(c)
implies better plasticity.
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Fig. 8: Fracture morphology of AC sample (a), SM+RES sample (b), and SM+SHES sample (c)

3.3 Difference in stirring effect between RES
and SHES

The results in Fig. 5 and Fig. 6 have verify that the Mg,Si
and a-Al in the SM+SHES sample show better roundness,
finer size, and more dispersed distribution than those in the
SM+RES sample. This must be related to the differences in
the distribution of the electromagnetic field, flow velocity
field, and temperature field inside the slurry during semi-solid
electromagnetic stirring of these two samples.

The simulation results of the electromagnetic field are
depicted in Fig. 9. It’s declared that most of the electromagnetic
force vectors in the semi-solid slurry are distributed in the
circumferential direction during RES. For SHES, except for
the circumferential direction, the electromagnetic force tends
to be distributed along the axial direction. Meanwhile, the
magnetic induction intensity profile in RES is symmetrically
distributed. However, it has a significant deflection in SHES.
The difference in electromagnetic force distribution between
these two kinds of electromagnetic stirring will inevitably lead
to the distinction between flow velocity field and temperature
field distribution.

The qualitative calculations of flow velocity and temperature
distribution are unfolded in Fig. 10. It is explained that
compared with the linear flow velocity distribution in RES,
the metal liquid under the stirrer forms a stagnant zone. This
is caused by the counteraction between the gravity effect and
the passive reverse flow of liquid metal in the middle region
caused by the accelerated downward flow of liquid metal
on the surface. As a result, in SHES, a uniform temperature
region with a similar shape is found in the corresponding
retention zone of flow velocity. However, in RES, a V-shaped
temperature distribution region is observed. The quantitative
results of flow velocity and temperature distribution are
given in Fig. 11. It is shown that the flow velocity along axial
direction in SHES is higher than that in RES. In addition, the
temperature gradient from surface to center in SHES is also
smaller than that in RES. It is well established that the decrease
in temperature gradient is helpful for the enhancement of the
equiaxed crystal ratio ®”, which will be verified by future
experimental results.

The flow velocity along the axial direction is closely
related to the mass transfer of semi-solid slurry. As can be

—

—
0004696 0005465 0006247

OAGEGS OTBIED 0002 0002343 0003124 0003905
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Fig. 9: Electromagnetic force vector distribution in SM+RES sample (a) and SM+SHES sample (b), and
contour distribution of magnetic induction intensity in SM+RES sample (c) and SM+SHES sample (d)
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Fig. 10: Flow velocity vector distribution in RES (a) and
SHES (b), and temperature contour distribution in
RES (c) and SHES (d) at the longitudinal section

seen from the tracer particle motion trajectory in Fig. 12, the
tracer particles in RES mainly move along the circumferential
direction. However, in SHES, the length of axial movement of
tracer particles is longer than that of RES. That is to say, the
SHES has a wider mass transfer range than RES.
It is well known that the temperature gradient (G;) has an
essential influence on the morphology of solidified structures *:
ﬂ > m Co(1- kyq) ©)
R, kyDy.
where R, is the solidification rate. It can be speculated that the
decrease in temperature gradient can induce the weakening
of constitutional supercooling at the front of the solidified
interface, which is beneficial for maintaining the stability of
the interface °*. Thus, the formation of dendritic morphology
is inhibited. Also, the preferred growth direction of a-Al
is <001> direction, which is parallel to the direction of the
temperature gradient. The decreased temperature gradient
can also impede the growth of a-Al along the temperature
gradient and promote its transformation to equiaxed crystal.
Consequently, the morphology of Mg,Si and a-Al in the
SM+SHES sample is more rounded than that in the SM+RES
sample.
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S 0.04r o TheseesedTne. || ~ 290 selested ling
3 g
@ 0.02- < go0l
E 0.00 g
2 § 450f
£-0.02- g.
> & 4001
5-0.041 =
% 0.06 SHES = SHES
2 300 i 1 1 1 1 1
= 60 -40 -20 0.0 20 40 0 6.25 12.5 18.75 25
Position on the selected line (mm) Position on the selected line (mm)

Fig. 11: Quantitative results of flow velocity (a) and temperature (b) along the selected characteristic line;
the inserts show the location of the selected characteristic line

(b)

yo—>x

Fig. 12: Tracer particle motion trajectory in RES (a) and
SHES (b)

The influence mechanism of flow velocity on the composites
is mainly reflected in its impact on dendritic fracture and
constitutional supercooling (AT,). The remelting and fusing of
the criterion for dendrite (Cy) is ®':

u,
Cr =—>1 (10)
Vit

where u, is the flow velocity along the growth direction of
the secondary dendrite arm, and the v, is the flow velocity
perpendicular to the growth direction of the secondary
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dendrite arm. Therefore, the u, can be considered as the flow
velocity along the axial direction, and the v, is regarded as
circumferential flow velocity. The results in Fig. 11(a) have
clarified that the axial flow velocity in the SM+RES sample
is smaller than that in the SM+SHES sample. Finally, the
dendrites in the SM+SHES sample are easier to remelt than the
SM+RES sample.

It should be mentioned that the growth speed (v,) of
the solidified microstructure is mainly governed by the
constitutional supercooling (AT,)

= 0, AT, + AT,

(11

where @, and a, are the growth parameters for solidified
microstructure. During the solidification process, the selective
crystallization leads to the enrichment of solute elements at
the solid-liquid interface, which will result in the formation
of constitutional supercooling. Under the effect of the higher
axial flow rate in SHES, the diffusion extent of the enriched
solute elements in the SM+SHES sample is greater than that in

Vg
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the SM+RES sample. Combined with the results of Fig. 10 and
Fig. 12, the solute elements in SM+SHES sample will be more
evenly distributed than those in SM+RES sample, which will
result in lower constitutional supercooling. Thus, the value
of AT, in the SM+SHES sample is lower than the SM+RES
sample. Consequently, according to Eq. (11), the growth speed
of solidified microstructure in the SM+SHES sample is lower
than that in SM+RES sample, and finer Mg,Si and a-Al are
derived. To further study the effect of stirring mode on Al-Mg,Si
composites, the macrostructrue and element distribution of the
undeformed samples (composites after electromagnetic stirring
without squeeze casting) were characterized, as shown in
Fig. 13 and Table 4.

The macrostructures and element distribution of undeformed
semi-solid composites are shown in Fig. 13. The sampling
section used for macrostructure observation is 1/4 of the
whole composites section, and the number in the illustration

in Figs. 13(a) and (b) represents the element content detection
position at the sampling section. It is seen that compared with
the undeformed SM+RES sample, the equiaxed grain rate of
the undeformed SM+SHES sample is higher, and the size of
the equiaxed grains is also smaller. This further demonstrates
the better improvement effect on microstructure in semi-solid
Al/Mg,Si composites caused by SHES induced lower
temperature gradient. The values of the Si and Mg content at
different positions are given in Table 4. It’s seen that the Mg
and Si element distribution in the undeformed SM+SHES
sample is more homogeneous than the undeformed SM+RES
sample, which implies the more homogeneous physical fields
and accelerated motion of molten metal induced by SHES.
In a word, the experimental results further confirm the above
analysis [Eqgs. (9-11)] of the influence of differences in the
physical field distribution of electromagnetic stirring on the
microstructure of composites.
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Fig. 13: Macrostructures of undeformed SM+RES sample (a) and undeformed SM+SHES sample (b), and the

histogram of Mg and Si content at different positions of the undeformed semi-solid composites (c).

A-equiaxed region, B-Dentritic region

Table 4: Element distribution and equiaxed ratio
of undeformed electromagnetic stirred
Al-Mg,Si semi-solid composites

Undeformed SM+ Undeformed SM+
Items

SHES sample RES sample
Contggtsﬁifo'\:%’ el 9.34%/6.74%  9.27%/6.72%
Contgf;tsﬁifo'\:gz/& at 9.41%/6.77%  9.35%/6.76%
°°"t§2tsﬁifo“ﬂ%’8i el 9.39%/6.82% 9.44%/6.85%
Contggtsgz‘o'\r’l'%g el 9.43%/6.79% 9.37%/6.77%
Contggtsﬁ;‘o":gg& at 9.45%/6.79%  9.42%/6.83%
Range O(frg/ld%?)i content 4 04%/0.02%  0.07%/0.07%
Range Of( ;\f“g;ﬁ' content 4 479/0.08% 0.17%/0.13%
Equiaxed grain rate 95.1% 92.3%

To sum up, the SHES induced constitutional supercooling,
lower temperature gradient, and more significant remelting
of dendritic arms are responsible for the refinement and
spheroidization of the Mg,Si and a-Al of semi-solid composites.
The more comprehensive mass transfer range and the more
uniform temperature distribution in SHES are the main reasons
for the more homogeneous distribution of Mg,Si and a-Al
in the SM+SHES sample. However, the above discussion is
only a qualitative analysis of the influence of differences in
physical field distribution on the microstructure of composites,
quantitative analysis will be made in next section to deeply
research the modification mechanisms of SHES.

3.4 Effecting mechanism of electromagnetic
stirring on Al-Mg,Si composites

As is displayed in Fig. 14, the modification of the microstructure
of Al-Mg,Si composites is the result of the comprehensive
effect of multiple factors. The impact of Cu-14% P modifier,
deformation after semi-solid treatment, and physical field
distribution induced by electromagnetic stirring on the
microstructure of the composites has been qualitatively
discussed in prior sections. As for the effect of semi-solid
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Fig. 14: Logical analysis of microstructure refinement and spheroidization mechanism in Al-Mg,Si composites

treatment on spheroidization of the microstructure, before the
composites are semi-solid treated, there will be a concentration
fluctuation of Si atoms at the interface between dendritic
0-Al and octahedral Mg,Si, according to the research from
Ma et al ¥, When the composites are heated to a semi-solid
temperature, the motion of Si atoms is stimulated. Based on

Gibbs-Thomson’s theorem **:

20V
Co(r)= C“(Oo)eXp(korT

where 7 is curvature radius, C,(r) means solute concentration at

) (12)

the radius of curvature r, C () refers to solute concentration at
the planar interface, o is surface tension, ¥ is the volume of solute
atom, T is the temperature, k, represents the constant related to
morphology. It can be inferred that the accelerated motion of
Si atoms will promote the formation of Si diffusion pair at the
edge of the octahedral Mg,Si, which can lead to the dissolution
of Mg,Si at a location where the value of r is relatively lower.
Consequently, the Mg,Si is preliminarily spheroidized.

In addition, the spheroidization of a-Al can be explained by
the relationship between the equilibrium melting point (AT,)
and curvature radius **:

20T, Vsr
AT, = -2 mst (13)
where Vy is the molar volume of the solid phase, T, is the
melting point of the interface between solid and liquid, AH
refers to the molar enthalpy of the solid-liquid transition. It is
concluded that the equilibrium melting point of Al dendrites
with smaller curvature radii will decrease, resulting in more
rounded edges of these a-Al dendrites.

According to Eq. (8), the refinement of Mg,Si is vital
for the enhancement of the mechanical properties of the
composites. Besides, the refinement of Mg,Si is related to
the electromagnetic stirring, and the type of electromagnetic
stirring is also the main reason for the difference between the
SM+RES sample and the SM+SHES sample. Therefore, in the
next, the effecting mechanisms of electromagnetic stirring on
refinement of Mg,Si will be deeply explored. The parameters
and some important physical quantities proposed from the
ANSYS simulation model in Section 3.3 used for following
quantitative calculation are listed in Table 5.

At first, the size of Mg,Si is determined by the critical
nucleation radius (R), which is governed by the change in
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Table 5: Parameters of Al-15Mg,Si composites and
physical quantities from ANSYS numerical
simulation model

Parameters Unit Value

[34]

Density of Mg,Si kg-m™ 1,990

Density of Al-15Mg,Si melt ¥ kg-m*® 2,440

Electrical conductivity of Mg,Si ®¥ Sm’ 5.9x10°
Electrical conducthlst}/ of Al-15Mg,Si Sm? 4.2x10°
melt 4
Supercooling of Al-15Mg,Si melt ¥ K 2
Maximum axnallelectromagnetlc force N-m® 82
in RES
Maximum axial electromagnetic force 3
in SHES N'm 4
Maximum radlal.electromagnetlc force N-m™ 1,025
in RES
Maximum radial electromagnetic force N-m? 1,533

in SHES
Magnetic field energy induced by RES J-m? -4.5x10°

Magnetic field energy induced by SHES J-m? -7.3x10°

volume free energy (AG,) *™:

20
AGy +AG,

Lo ‘AT

melt

(14

AGV =

where AG, is the change of volume free energy caused by
electromagnetic stirring, AT is the supercooling of the melt,
Tpere 18 the melting point of Al-15Mg,Si composites, and L,
is the fusion enthalpy. Both the values of AG, and AG, are
negative. Therefore, according to Eq. (14), the AG, will lead to a
decrease in critical radius, which is beneficial for the refinement of
Mg,Si. According to Fig. 4(a), the melting point of the composites
is 856 K, and the fusion enthalpy is 22.75 J-g" by calculating
the peak area in Fig. 4(a). Thus, the volume free energy is
calculated to be -53.15 J-kg". The values of AG, in SM+RES
sample and SM+SHES sample are -0.11 J-kg"' and -0.17 J-kg",
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which are converted from the magnetic field energy in Table 5.
Based on this, it can be concluded that the critical nucleation
radius of Mg,Si in SM+SHES sample is smaller than that in
SM+RES sample. As a result, the Mg,Si in SM+SHES sample
is finer.

The difference in distribution of Mg,Si in the SM+RES
sample and the SM+SHES sample is in relationship with
the magnetic induced extrusion force (F). During the
electromagnetic stirring process, the Mg,Si particle will suffer
from gravity (Fg), buoyancy (F,), and magnetic induced
extrusion force. The direction of F is opposite to the direction of

electromagnetic force (F,), and the equation of F, is

de3 O-m _Gp

4 2o0,+0,

F= F (15)
where d is the size of the Mg,Si particle, o, and o, are the
conductivity of the Mg,Si particle and the melt. For buoyancy
and gravity, the expression is ™

3

TC
FG = _gpp
6 (16)
nd?
F, = &Pm

where g is gravitational acceleration, p, and p,, are the density
of the Mg,Si particle and the melt. According to Table 5
and Fig. 6(a), the buoyancy and gravity are calculated to be
13.41x10™ N and 16.46x10™" N.

The radial magnetic induced extrusion force in the SM+RES
sample and SM+SHES sample is 4.22x10™"° N and 2.42x10™"° N,
respectively. The axial magnetic induced extrusion force in the
SM+RES sample and SM+SHES sample is 5.27x10™"* N and
7.89x10™"* N, respectively. The force analysis of Mg,Si particle
during electromagnetic stirring is shown in Fig. 15. It’s seen
that the resultant force of buoyancy and axial magnetic induced
extrusion force is axial and opposite to the gravity direction,
and its magnitude also exceeds that of gravity. Hence, the axial
magnetic induced extrusion force can avoid the segregation
of Mg,Si particles in the axial direction and promote its axial
movement. In addition, the radial magnetic induced extrusion
force is easy to cause the accumulation of Mg,Si particles near
the crucible wall. According to calculation results, under the
effect of smaller radial magnetic induced extrusion force and
higher axial magnetic induced extrusion force in SM+SHES
sample, the Mg,Si particle tends to be more evenly distributed
in all directions than SM+RES sample.
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Fig. 15: Force analysis of Mg,Si particle during
electromagnetic stirring

3.5 Summary and outlook

The sketch diagram in Fig. 16 demonstrates the effect of
electromagnetic stirring on the microstructure evolution of
Al-Mg,Si composites. It’s seen that without the application
of electromagnetic stirring, only natural convection will
occur in semi-solid slurry, and nearly no disturbance will
act on the solidification process of composites. As a result,
a dendritic matrix and octahedral Mg,Si will be obtained.
After the electromagnetic stirring is applied, forced
convection will occur, and this can lead to the fusing of the
secondary dendrite arm. The fused secondary dendrite arm
can be regarded as a new nucleation particle to promote the
modification of the microstructure. Additionally, combined
with the effect of Cu-14% P modifier (without the addition
of modifier, the microstructure of composites will have more
significant dendritic characteristics *”') and squeeze casting,
refinement and spheroidization of a-Al matrix and Mg,Si
particles are achieved. What’s more, compared with RES,
helical electromagnetic force induced special electromagnetic
fields, unique magnetic induced extrusion force and wider
mass transfer region in SHES is favorable for more uniform
distribution and further refinement of the microstructure of
Al-Mg,Si composites.

Comparison of tensile properties of AI-Mg,Si composites
between this work and other advanced modification
strategies "**” is shown in Fig. 17. It’s noted that the chemical
modifier, heat treatment, and mechanical deformation are
beneficial for the improvement of strength, and the semi-solid
treatment and electromagnetic stirring are more effective in
enhancing ductility. In this research, through the combination
of chemical modifier, helical electromagnetic stirring, semi-solid
isothermal treatment, and squeeze casting, the strength of
Al1-Mg,Si composites has reached an unprecedented level
while maintaining relatively higher ductility. However, owing
to the lack of deformation and heat treatment on Al-Mg,Si
composites, the ductility still needs further improvement, and
more advanced mechanical properties of AI-Mg,Si composites
will be presented in future work.

4 Conclusions

This article systematically investigated the effect of different
kinds of electromagnetic stirring on microstructures and
mechanical properties of semi-solid A1-Mg,Si in-situ
composites. The following conclusions are drawn as below:

(1) Through the combined treatment of modifier addition,
semi-solid isothermal treatment, electromagnetic stirring, and
squeeze casting, the spheroidization and refinement of both
Mg,Si and o-Al matrix are successfully achieved. Compared
with AC sample, the morphology factor values of SM+RES
sample and SM+SHES sample are closer to 1, and the size of
Mg,Si is decreased by 73.4% and 75.7%, respectively.

(2) In contrast to RES, the SHES can induce higher axial
electromagnetic force, higher flow velocity, wider mass
transfer range, more homogeneous temperature distribution,
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1 Initial nucleation site of Mg,Si
2-—-Mg,Si in SM sample
3-—Mg,Si in AC sample
4-—-Mg,Si in SM+RES sample

A Initial nucleation site of dendritic a-Al
B-—a-Al dendrite in AC sample
C—Fragmentate a-Al dendrite in SS sample

D Equiaxed a-Al in SM+RES sample

{5 Mg,Si in SM+SHES sample

i E-Equiaxed a-Al in SM+SHES sample

i 1 The cold mold
i Il - The magnetic yoke of RES
i 11— The magnetic yoke of SHES!

»—The magnetic force vector of RES

= — The magnetic force vector of SHES:

Fig. 16: Sketch diagram showing the effect of different kinds of electromagnetic stirring on
microstructure evolution mechanism of Al-Mg,Si composites
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Fig. 17: Statistical comparison of tensile properties of
Al-Mg,Si composites between this work and
other advanced modification strategies

and lower temperature gradient. As a result, more uniformly
dispersed Mg,Si and a-Al are derived in the SM+RES sample.
The size of Mg,Si in SM+RES sample is also decreased by
8.45% compared with the SM+RES sample.
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(3) The strength, ductility, and hardness of modified
semi-solid composites are simultaneously improved by
electromagnetic stirring. The SHES has more advantages than
RES in improving mechanical properties. The SM+SHES
sample exhibits the highest tensile properties which is 5.73%
higher than the SM+RES sample, and 82.2% higher than the
AC sample.
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