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ABSTRACT

The effect of the application of forced convection during the continuous solidification of A356 aluminum alloy
over microstructural parameters of AlFeSi phases has been presented in this work. The investigation has been
made on the fact that as an alloy solidifies under the action of a rotating magnetic field; a non-dendritic casting
structure will be obtained. The Al-Si alloy has been studied using magnetic stirring equipment with permanent
magnets. This device has allowed the study of the rotational speed (degree of stirring) effect on the micro- and
macro- solidification structure. Different analyses and tests have been carried out, such as micro- and mac-
ro-structural analysis. The results have shown that magnetic stirring affects the cooling curves, expanding the
solidification range.

Microstructural evolution of the alloys has also been observed, from a 100% dendritic structure to a
mature rosette type structure, in addition to a notable grain size decrease, which may improve the materi-
al’s mechanical behavior. The results show that all the microstructural parameters of the AlFeSi phases (quan-
tity, size, shape factor, particle area, and aspect ratio) decrease when stirring is applied to the alloy during its
solidification.
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1. INTRODUCTION

It is known that aluminum and its alloys make up more than 80% of the production of nonferrous alloys.
Therefore, it is necessary to find methods that allow getting casting materials which offer the best possible per-
formance, and in this search, technologies have been adapted for this purpose. Getting parts by casting alloys
directly in a mold is, in general, an advantageous process when dealing with complex shape parts that are meant
to be mass-produced, or very large parts. However, these products have a typical solidification structure that
sometimes decreases their mechanical performance. Casters must deal with segregation [1-2], porosity caused
by shrinkage during the solidification [1], and gas entrapment [3]. In order to deal with these problems and
obtain pieces with good mechanical service, there has been developed methods like stirring the melt during the
solidification (semisolid state) [4—5] or the addition of some alloying elements to modify the shape, size, and
distribution of the phases in microstructure.

1.1. Magnetic stirring

The use of magnetic fields during the solidification of metals dates back to the 1930s (their advantage is the lack
of contact between the stirrer and the liquid metal). Magnetic stirring takes place due to the Lorentz force gener-
ated by an alternating inductor [6—8]. The magnetic stirrer is designed deliberately to produce convection in the
liquid near the solidification front, through the application of low frequency magnetic fields to allow the Lorentz
force acts deeply in the liquid metal. Two types of electromagnetic stirrers are commonly used: the linear stirrer
and the rotatory stirrer. A linear stirrer operates as an induction furnace. This consists of a battery of coils around
the molten metal to create a primary motion that recirculates in the melting direction. A rotary stirrer is an elec-
tric motor, which uses a rotary magnetic field to produce a spiral motion in the liquid. These types of stirring
can be applied individually or combined, and the stirring can be applied in different stages of the solidification.

The effect of the stirring over the microstructure (decrease of micro and macro segregation), mechanical
properties and favoring of the shaping and/or mechanizing processes has been studied for various materials [9—14].
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Figure 1: Dendritic fragmentation under forced convection [7].

This improvement, which is associated with the refining of the casting structure, is due to the dendritic frag-
mentation produced by the shearing stress caused by the liquid’s convection ahead of the solidification front
promoted by the magnetic stirring. However, there still is no full agreement as to how dendritic fragmentation
takes place.

There are several theories that try to explain dendritic fragmentation, among them those proposed by
Flemings in 1991 [6], which include fragmentation of the base of the dendritic branches caused by the high
shear stress produced by magnetic stirring or by the re-melting of the dendritic roots of the branches, caused by
dendritic ripening. Vogel et al. [7] propose a dendritic fragmentation mechanism that involves bending (caused
by the shear stress) of the dendritic branches, giving rise to oriented dislocations forming a sort of low angle
grain limit, which after bending more than 20 degrees is replaced by a liquid line (energetically more favorable),
fracturing the dendrite as shown in Figure 1.

Finally, using an ultrasonic cavitation technique [15], it has been seen that the typical dendritic fragmen-
tation mechanisms occur by fatigue, collapse, or fracture by bending, validating the first postulate of Flemings
and that of Vogel et al., including fatigue as responsible for this phenomenon.

The fragments separated from the dendrites initially do not have a spherical shape, and under the proper
conditions, they can be the site of new growth with a dendrite shape. In general, the structure of alloys subjected
to processes in semisolid state (magnetic stirring) may be modified, evolving from a dendritic one to rosettes
that still contain liquid trapped between its arms, and eventually spherical particles, as shown in the sequence
of Figure 2.

1.2. Microstructure

Hypoeutectic Al-Si alloys as A356, once solidified, have basically two micro-constituents: one with low hard-
ness and ductile, primary a-Al solid solution, and an eutectic that consists of a-Al and Si needles (with high
hardness and fragile), where the a-Al acts as a matrix for the Si phase. This eutectic has the particularity of
being irregular, because it incorporates the characteristics of the solid solution high in aluminum and Silicon,
which is practically insoluble, so its mechanical behavior is directly related to the shape, size, and distribution
of Si [16-18].

1.2.1. Effect of iron in Al-Si alloys

Iron is always present in commercial cast aluminum alloys. The origin of iron is the use of steel tools in melting
and casting operations and the use of scrap containing iron and rust. The presence of iron is detrimental for
most cast aluminum alloys, and efforts are made to keep its levels as low as possible. However, in the case of



o er | BUSTOS, O.; LEIVA, R.; SANCHEZ, C., revista Matéria, v.27, n.2, 2022

(a)

(b)
Increased
stirring rate

(c)

Decreased
cooling rate

(d)

(e)

N/

Figure 2: Time evolution of the structure in the semisolid state.
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injection aluminum alloys, it is intentionally added to prevent adhesion to the shells. The formation of several
iron-containing phases occurs and the effect of iron depends largely on the type and morphology of the phases
it forms [19].

1.2.2. The types and morphologies of the iron phases

In an Al-Fe binary system, the equilibrium solid solubility of iron in aluminum is in the order of 0.03—0.05% at
eutectic temperature (655 °C) and much lower at room temperature. The equilibrium phase with aluminum is
usually designated FeAl, (40,7% Fe). In the Al-Fe-Si System, several ternary phases can be found in equilib-
rium: Fe,SiAl, (o), FeSiAl; (B), FeSi,Al, (6) in high silicon alloys and FeSiAl, (y). More ternary phases can be
formed with higher amounts of iron and silicon. The invariant reactions of the corner rich in aluminum of the
Al-Fe-Si system are shown in Table 1 [19].

For most commercial alloys, due to non-equilibrium solidification conditions, it is possible to find alloys
in which FeAl, FeAl,, Fe SiAl, FeSiAl, and FeSi Al, coexist with each other and with silicon. High cooling
rates tend to drive the eutectics to higher iron content and to disperse the FeSiAl, crystals.

The size and morphology of the iron phases in aluminum casting alloys depend on the composition of
the alloy and the solidification conditions [20-24]. In commercial alloys, the iron phases can appear as Chinese
script, needles, plates, or angular globules and in some circumstances, they can appear as petal-like particles.
The size of the particles generally becomes smaller with increasing speed and cooling. Occasionally, especially
in low-silicon alloys, FeSiAl, can have the morphology of Chinese script like needles (plates). Therefore, the
identification of these phases only by means of their morphology may be misleading. It is usually associated to
Chinese script with Fe,SiAl, (a) and to the shape of needles to the FeSiAl, () phase.

The effect of iron on the mechanical properties of alloys is related to the type and morphology of the
compounds it forms, as well as their quantity. In general, the intermetallic phases of iron increase hardness and
decrease ductility. The compounds are essentially insoluble and may be responsible for the increase in strength,

Table 1: Reactions during the solidification of the A356 (quaternary) alloy.

Reaction number Reaction Temperature
1 (primary) Development of the Al primary phase 614 °C
2 a (post dendritic) Lig—Al+Al Fe.Mn,Si () 594°C
2b Lig—Al+AlFeSi (B)+ Al Fe Mn,Si (a) 594°C
3 a (eutectic) Lig—Al+Si+AlFeSi (B) 572 °C
4 (post eutectic) Lig—Al+Si+Mg,Si(B’) 555°C
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particularly at high temperatures. Chinese script type morphs are preferred due to their lesser effect on loss of
toughness compared to acicular morphs.

2. EXPERIMENTAL PROCEDURE

The raw material used in the experiments is an A356 aluminum-silicon-magnesium alloy. The chemical compo-
sition is presented in Table 2.
The A356 alloy studied was solidified under different degrees of magnetic stirring, for which the samples
were cast in a crucible placed over a magnetic stirring apparatus (Figure 3a) which consists of:
e A cylindrical frame, in which there are three pairs of permanent magnets equidistant from one another
(Figure 3b).
» Coupling components to an alternating current motor.
* A 120 mm long and 50 mm outer diameter crucible made of AISI 316L stainless steel. The tube is lined on
the inside with high alumina refractory concrete that shapes the crucible’s cavity (Figure 3c).

The equipment can have three different rotational speeds (650 rpm, 980 rpm, and 1540 rpm). The alloy
was first melted in a crucible whose frame did not turn, providing the sample designated with subscript 0. After
it solidified, the same procedure was followed to provide the samples with subscripts 1, 2, and 3, corresponding
to frame turning speeds of 650 rpm, 980 rpm, and 1540 rpm, respectively, Table 3.

Table 2: Chemical composition of the alloy used.

Alloy %Si %Fe %Mg %Al
A 7.00 0.10 0.25 Balance

N —
TR
L N

e —

50 mm

Figure 3: Equipment and materials used. (a) Magnetic stirring equipment; (b) turning frame ; (c) crucible.
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Table 3: Sample identification.

Turning speed Sample
(rpm)
0
650
980
1540

=

8

R

[

Once solidified, the samples were cut longitudinally with a cooled abrasive cutting disc. Then, they were
prepared for the macrographic analysis to reveal their casting structure, etching them with Poulton’s reagent. After
getting their structures, the samples were prepared for metallographic analysis according to ASTM E3-17 [25],
and then they were etched with 0.5% HF, revealing their microstructure. Finally, the AlFeSi-type intermetallic
compounds (o and B) were characterized with the help of a Philips scanning electron microscope (SEM), model
XL-30, owned by the Center for Technical Studies and Research in Guipuzcoa, CEIT, San Sebastian, Spain,
and its chemical analysis using a microprobe (X-ray dispersive energy, EDAX) set to an accelerating voltage of
20KV to ensure that the electron-sample interaction involves only one phase.

For the characterization of the AlFeSi phases, specimens were observed by optical microscopy and SEM.
The criteria applied to discriminate between alpha and beta phases in particle recognition were as follows [24]:

» Particle morphology: since the beta phase has an acicular or plate-like appearance, and the alpha phase has
a “Chinese script” or globular appearance. Therefore, the beta phase will have a high aspect ratio and shape
factor. Where the aspect ratio is defined as:

d
AR = 1
q (M

min

Where dmax is the largest diameter and dmin is the smallest diameter.

And the shape factor is defined as

2

SF=_P @)
47 A

Where P is the perimeter and A is the area of the particle.

» Color (optical microscopy): Given that in optical microscopy for specimens etched with 0.5% HF, the beta
phase is dark gray, while the alpha phase has a light gray color, with variable shades tending to light brown
depending on the content of substitutional solutes such as Mn, Cr and Cu present in it.

» Light intensity (SEM, backscattering): The alpha phase is bright, and the beta phase is opaque in SEM.

» Fe/Si ratio (measured by EDAX): Since the beta phase presents a ratio close to 1, the alpha phase, on the
other hand, presents a ratio close to 2, although much higher ratios for the alpha phase have been reported in
the literature [24]:

* Presence of substitutional solutes (measured by EDAX): since Mn, Cr and Cu go into solution in the alpha
phase and not in the beta phase.

For a clear and accurate discrimination of particle types, the parameters in Table 4 were set to aid in
identification

Table 4: Parameters used in the discrimination of AlFeSi particles.

Minimum Shape Factor, SF min 1.5

Maximum Shape Factor, SF max 15
Fe/Si max 1.75
Fe/Si min 1.25
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Then, the procedure used was as follows:

i. Observe morphology, color and evaluate shape factor.
If the color agrees with those previously indicated, and
If SF < SFmin, then the particle is alpha.
Or if SF > SFmax, then the particle is beta.
If not,

ii. Measure Fe/Si Ratio (when possible)
If Fe/Si < (Fe/Si)min then the particle is beta.
If Fe/Si > (Fe/Si)max then Particle is alpha.

In case the Fe/Si ratio is between 1.25 and 1.75 it is not possible to discriminate with certainty the type
of particle and therefore additional criteria must be used.

3. RESULTS AND DISCUSSION

3.1. Macrographic analysis

Figure 4, present images related to macrographic analysis of the samples at different stirring speeds. The modi-
fication of the cast columnar structure and a marked decrease in the grain size are observed with the naked eye.
The agitation generates shear stresses in the fluid that eventually cause fragmentation of the growing dendritic
branches.

Figure 5 shows that as the degree of stirring increases, a smaller grain size is obtained from the linear
intersection described in the ASTM E112-13 standard [26]. In the absence of stirring, it was also seen that there
is a tendency to develop a columnar dendritic structure, which tends to structures close to equiaxiality as the
stirring speed increases.

Figure 4: Macrographs of the samples. (a) no stirring; (b) 650 RPM stirring; (¢) 980 RPM stirring; (d) 1540 RPM stirring.

400 4 55
350
300 50
= g
= €
5 3
8 250+ N
c
£ 8 O
(‘5 200 45
150
77 L e e e e e R A s e e e )
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
RPM RPM

Figure 5: Grain sizes and SDAS of the samples.
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The secondary dendritic arms spacing (SDAS) decreases as the stirring speed increases. This can be
explained by magnetic stirring. The solute accumulated in the liquid in front of the solid / liquid interface will be
removed by the convective flow resulting in a higher solute gradient and greater constitutional supercooling, this
causes a marked reduction in SDAS relative to the solidified structure without stirring (for lowest stirring speed),
Figure 5. As solidification proceeds, the number of dendritic branches that will be fragmented by increasing
interaction between them. The dendritic fragments that have been initially separated are not spheroidal and if con-
ditions are favorable, they will continue to grow as dendrites. However, ripening processes obtained for the reduc-
tion of the surface area will operate and the regions of high curvature will be eliminated or reduced by diffusion
of solute in the liquid. Ripening can be accelerated by increasing stirring since this increases solute transport [18].

Higher stirring speeds promote a change in morphology from dendritic to ripened rosettes containing
liquid between the branches, increasing SDAS as described by Flemings [6] and illustrated in Figure 2.

The modification of the solidification structure is related to the transport of solute and the presence of
shear stresses in the fluid that augments by increasing the speed of rotation of the magnetic field, product of
Lorentz forces. Note, furthermore, that the microstructures presented in Figure 7 (b), (c) and (d) show a decreas-
ing agglomerate size distribution, which eventually responds to an increase in the solute gradient at the solid-lig-
uid interface during solidification, which expands constitutional supercooling and consequently dendritic growth.
The increase in constitutional supercooling is confirmed by analyzing the cooling curves in Figure 6, from which
it can be deduced that the application of a rotating magnetic field that produces agitation of the melt significantly
shifts the eutectic transformation towards lower temperatures, which results in microstructural refinement.

3.2. Micrographic analysis

The Figure 7 shows the typical microstructure of these alloys, which consists of an a-Al matrix (clear phase),
with the presence of eutectic (dark constituent), in agreement with what was described in section 1.

3.2.1. Analysis of intermetallic compounds particles

The images in Figure 8 show the phases that compose the microstructure of the A356 alloy without agitation,
in it can be observed particles with different contrast, particles 1, 6 and 7 as aAlFeSi, presenting the highest
contrast and Chinese script morphology. This is confirmed by the analyses obtained by EDAX in Table 5, where
the presence of substitutional solutes and a Fe/Si ratio higher than 1.5 can be observed.

Particles 4, 5 and 8, with a lower degree of contrast, can be identified as BAlFeSi, presenting an acicular
morphology with a high aspect ratio, absence of substituent solutes and low Fe/Si ratio.

In addition, particles of lower contrast with an acicular morphology are observed which corresponding
to eutectic silicon, EDAX 3, and the background of greater opacity corresponds to the primary phase rich in
aluminum, EDAX 2.

With the results of the phase identification of the as cast samples with no stirring, it is possible to identify
phases for all experimental conditions, these results are shown in Figures 9 to 11 and Tables 6 to 8.
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Figure 6: Cooling curves obtained at different stirring conditions.
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Figure 7: Micrographs of the A356 alloy, (a) no stirring; (b) 650 RPM stirring; (c) 980 RPM stirring; (d) 1540 RPM stirring.

These two phases, BAIFeSi (FeSiAl,) and aAlFeSi (Fe,AlSiy), can be found in equilibrium with aluminum.
Another phase may be present in high silicon alloys, FeSi,Al, (8) and a fourth phase, FeSiAl, (y), will be formed
in high iron and silicon alloys. Evidence indicates that equilibrium is not reached in this system under commercial
solidification conditions and elements such as chromium and manganese are added to stabilize it [19].

The ranges of existence of the ternary phases in the solid state are very far from their range of primary
crystallization, and to establish the equilibrium, it is necessary to complete the peritectic reactions. For this reason,
most commercial alloys are not in equilibrium and it is common to find alloys in which all the mentioned phases
can coexist with each other and with silicon. In alloys with heat treatment, equilibrium can be reached by solid state
diffusion and the FeSiAl (B) phase can be found with Chinese script morphology, characteristic of Fe,SiAl; ().

A variety of intermetallic phases can be formed, such as: FeAl,, aAlFeSi, BAlFeSi.

In a quaternary system these reactions can occur over a range of temperatures. Whatever the actual
solidification conditions are, the peritectic reactions by depending on diffusion mechanisms will be suppressed
(at high cooling rates) and the remaining liquid will proceed to react to the next available eutectic. Thus a solid-
ification sequence could be [24]:

. Primary dendrites

.L — Al + FeAl,

. L+ FeAl, — Al + aAlFeSi (suppressed)
.L — Al + aAlFeSi

. L + aAlFeSi — Al + BAIFeSi (suppressed)
.L — Al + BAIFeSi

.L — Al + BAIFeSi + Si

~N N L B W N

Once the particles have been characterized, the images can be analyzed with Image Pro Plus 6.0 software,
quantifying the morphological parameters of shape factor and aspect ratio, together with the identification of their
color and contrast to size the total amount of AlFeSi phases and discriminate between aAlFeSi and BAIFeSi for
different processing conditions, as shown in Figure 12. Furthermore, the relative amount of the aAlFeSi phase is
similar to that of the BAIFeSi phase in the unstirred condition. In contrast, when the melt is stirred at 1450 RPM
during solidification the amount of resulting a AlFeSi is almost twice that of BAlFeSi for the stirred condition.
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Figure 8: SEM images of the sample in mold casting condition at 200 ° C.

Table 5: EDAX analysis of sample particles without stirring.

Sample A0, no stirring % atomic

Particle number Type Mg Al Si Ag Cr Mn Fe Ni Fe/Si
1 aAlFeSi 222 7137 899| 039| 2.76| 0.89| 13.62| 0.3l 1.51
2 Primary Al 3.19 | 93.49 1.2 2.09 - - - - -
3 Silicon 1.4 22 | 774 - - - - - -
4 BAIFeSi 22 | 71.6 18.0 0.6 - 0.2 7.4 - 0.41
5 BAIFeSi 1.7 | 47.89 | 442 0.22 - 024 563| 0.17| 0.13
6 aAlFeSi 223 68.13| 9.8 027 | 5.19 1.19 | 1294 | 0.26 1.32
7 aAlFeSi 227 6845 9.75| 03 59 1.07 | 12.1 0.17 1.24
8 BAIFeSi 1.81 | 55.82| 372 0.3 - 0.19 | 452 | 0.11 0.12
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Figure 10: SEM images of the sample in stirred condition at 980 RPM.
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Figure 11: SEM images of the sample in stirred condition at 1540 RPM.

Table 6: EDAX analysis of particles in stirred condition at 650 RPM.

Sample A1, stirring at 650 RPM % atomic
Particle number Type Mg Al Si Mn Fe Cu Fe/Si
PAIFeSi 0 75.1 13.0 0 11.9 0 1.4
2 oAlFeSi 2.01 89.5 2.7 0.42 3.12 2.25 1.77

Table 7: EDAX analysis of particles in stirred condition at 980 RPM.

Sample A2, stirring at 980 RPM % atomic
Particle number Type Si Cr Mn Fe Cu Fe/Si
aAlFeSi 34,21 2,09 4,46 49,91 9,33 1,46
2 PBAIFeSi 23.44 62.16 1.64

Table 8: EDAX analysis of particles in stirred condition at 1540 RPM.

Sample Al, stirring at 1540 RPM % atomic
Particle number Type Si Cr Mn Fe Cu Fe/Si
aAlFeSi 8.19 1.24 0.97 12.32 0.93 1.5
2 BAIFeSi 89.26 10.74 0.12
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Figure 13: Microstructural parameters of the AlFeSi phases.

This is due to the higher solidification rate which inhibits the peritectic transformations involved in the formation
of BAlFesi, which in turn generates a higher microstructural refinement and lower amount of intermetallic phases.

The effect of applying stirring to the melt during solidification on the morphological characteristics of the
AlFeSi compounds is shown in Figure 13, where a decrease in size can be observed, especially of the aAlFeSi
compounds, confirms the microstructural refining. A decrease in the form factor of both types of particles is
observed, so that less acicular phases will be obtained and finally, the aspect ratio of the phase BAlFeSi con-
firms the observed microstructural refining, being able to observe a relationship between the spacing between
dendritic arms, SDAS, and the size of the intermetallic phases, if the SDAS decreases, as seen in Figure 5, the
intermetallic phases cannot agglomerate and grow in size.
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. CONCLUSIONS

1. The agitation of the liquid bath by means of the application of magnetic fields causes a reduction of the
average dendritic grain size and the secondary dendritic spacing, evolving from an equiaxed dendrite mor-
phology to a rosette. This morphology is consistent with the cooling conditions and thermal gradient during
solidification in the magnetic stirring equipment.

. The increase in constitutional supercooling is ratified when analyzing the cooling curves, it follows from
them that the application of a rotating magnetic field that produces agitation of the melt, significantly shifts
the eutectic transformation towards lower temperatures, which translates into a refinement of the silicon
phase and AlFeSi-type intermetallic phases.

. The amount of total AlFeSi phases is much lower for the conditions where agitation has been applied.
Furthermore, the relative amount of aAlFeSi is similar to the amount of B AlFeSi phase in the non-stirred
condition, when stirring the melt during solidification the amount of a AlFeSi is almost double that of
BAIFeSi for the stirred condition. with 1540 RPM, this, as in the primary phase, is related to the higher
cooling speed and the shift of the transformation temperatures towards lower values, Figure 6, which
means, on the one hand, into a microstructural refining and on the other hand in a smaller amount of

intermetallic phases.
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