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Abstract: The A356 alloy has been widely used in automotive components, such as wheels and
brake disks, because it is an excellent lightweight material with high corrosion resistance and good
mechanical properties. Recently, to reduce the weight of brake disks, the Fe-A356 hybrid brake disk
has been suggested. Because brake disk quality is directly related to driving safety, the T4/T6 heat
treatment of centrifugally cast A356 alloys were performed to enhance the mechanical properties
and reduce micro-segregation. The solid-solution heat treatment followed by annealing caused the
formation of Mg-rich intermetallic compounds on the grain boundaries of the Al matrix, decreasing
the average hardness of the alloys by 13 HV. In contrast, the solid solution followed by water
quenching (T4) reduced the area fractions of the intermetallic compounds and increased the average
hardness by 11 HV. The T6 heat-treated A356 alloys, which were influenced by the formation of
the Guinier–Preston zone exhibited a relatively higher average hardness, by 18 HV, compared to T4
heat-treated A356 alloys.

Keywords: A356 alloys; centrifugal casting; hardness; microstructure; heat treatment

1. Introduction

As exhaust emission standards and regulations have become increasingly strict, many
automobile manufacturers have attempted to reduce vehicle exhaust emissions by improv-
ing power transmission efficiencies using several strategies, such as the reduction of the
weight of vehicles and enhancement of the combustion process [1–3]. In particular, many
automobile components, such as transmission cases, frame parts, and wheels, have been
replaced with aluminum alloys because their light weight is beneficial to improve fuel
efficiency and reduce exhaust emissions [4,5]. Among these components, the brake disk is
one that has not been reduced in weight, and most of them are made of heavyweight cast
iron [6,7].

Cast-iron brake disks are manufactured mainly by gravity casting; they are inexpen-
sive and have an excellent wear resistance [8]. However, these disks have some problems
with respect to the weights and poor heat dissipation performance, generating high tem-
peratures during harsh driving conditions [9–11]. The high temperatures are likely to boil
the brake oil and make a vapor within the brake piping system. This then triggers a vapor
lock phenomenon that can cause a loss of braking capability [12,13]. In addition, the brake
disk gets corroded by the dust generated from the brake pads and the exposure to the
atmosphere. To tackle these problems, an Fe-A356 alloy brake disk was proposed using
the vertical centrifugal casting method. Gray cast iron was used for the friction part that
requires wear resistance. In other parts of the brake disk, A356 alloys, which are lighter
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than the gray cast iron and of higher thermal conductivity, were used to reduce the weight
and improve the heat dissipation of the disk.

Unlike gravity casting, centrifugal casting is a method in which molten metal is
injected during the rotation of the mold. It adheres to the mold wall by centrifugal force
and then solidifies [14]. This casting process has been applied to the development of
structural steel pipes, composite rolls, bearings, and cylinder liners. It has also been
used broadly to produce functionally graded materials for special purposes [15–18]. The
content of each solute atom depends on the particle densities and the rotational speed of
the motor. For example, solute atoms that are heavier than the matrix alloy atoms move
outward as the rotation speed increases. It is easy to segregate and to remove intermetallic
compounds (IMCs) that act as impurities [18,19]. The materials fabricated via centrifugal
casting possess a finer microstructure than those obtained via gravity casting, resulting
in improved mechanical properties, such as the tensile strength, hardness, and fatigue
limit [20].

The A356 alloy is widely applied in many automotive industries owing to its excellent
castability and good mechanical properties [21,22]. The A356 alloy contains the eutectic Si,
Mg2Si, β-Al5FeSi, and π-Al8Mg3FeSi6. The Mg2Si phases exhibit a transformation mecha-
nism that changes from a supersaturated solution to a Mg and Si nanocluster formation,
and then transforms into the Guinier–Preston (GP) zone, β”, β′ + Si, and finally to β. These
phases could improve the mechanical properties of the material through artificial aging [23].
The β-Al5FeSi phase generated at 841 K is needle-shaped, and its hardness and brittleness
degrade its tensile strength and elongation [24]. The π-Al8Mg3FeSi6 phase generated
at 823 K has a Chinese script-like shape, which inhibits the formation of β-Al5FeSi and
improves the tensile strength [25,26]. During the heat treatment, the eutectic Si undergoes
three morphological transformations, which change from fragmentation to spheroidization
and finally to coarsening. Some researchers have reported that the more circular the eutectic
Si, the greater the tensile strength and elongation [27].

In brake disks manufactured via the centrifugal casting process, the presence of the
non-uniform IMC fraction in some parts, owing to the centrifugal force, adversely affects
the safety and reliability of the brake disks. To solve this problem, heat treatment is
required to improve the mechanical strength of the A356 alloy and to alleviate segregation
during solidification. However, there are limited studies on the effects of heat treatment on
centrifugally cast A356 aluminum alloys, and related experimental data are insufficient.
Therefore, the effects of heat treatment, such as solid solution and artificial aging, on the
microstructure and mechanical properties of A356 alloys produced by centrifugal casting
were investigated in this study.

2. Theory

Particles in a viscous solution under a centrifugal force are subjected to radial centrifu-
gal and viscous drag forces, which act in opposite directions. Therefore, Equation (1), which
defines Stokes’ law, explains the motion of the particles within the viscous solution [15],
where d2x

dt2 is the acceleration, dx
dt is the velocity, m is the mass, Dp is the particle diameter,

ρp is the density of the particle, ρm is the density of the matrix, η is the viscosity coefficient,
and Gg is the ratio between the rotational force and gravity (m/s2).

mp
d2x
dt2 =

∣∣∣ρp − ρm

∣∣∣4
3
π

(
Dp

2

)3
Gg − 3πηDp

dx
dt

(1)

The value of Gg can also be defined as in Equation (2), where r is the diameter of the
cast ring (m), N is the rotational velocity (rpm), and g is the gravitational acceleration.

Gg =
r
g
(

2πN
60

)
2

(2)
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During centrifugal casting, several different events occur simultaneously because of
the flow of the molten metal and the surrounding environment in the mold. To express
Equation (2) in terms of the centripetal acceleration (ap) and particle densities only, the
equation is expressed in a simplified form as shown in Equation (3), ignoring the initial
velocity and the radius of the particle. A negative value of ap signifies that the particles
move towards the center of rotation.

ap =
ρp − ρm

ρp
4π2N2r (3)

To determine the influence of density on the behavior of the solute atoms (Table 1),
their densities were used in Equation (3). Si and Mg, which are less dense than Al, move
toward the center of rotation, while Fe, which is approximately 2.9 times denser than Al,
moves away. The ap of Fe, Si, and Mg were 25.813, −6.866, and −21.781 rN2, respectively.
Thus, the ap of Fe is 3.76 and 1.18 times larger in magnitude than those of Si and Mg,
respectively.

Table 1. Density of solute atoms in the A356 alloy.

Al Si Mg Fe

Density (g/cm3) 2.7 2.3 1.74 7.8

3. Materials and Methods
3.1. Sample Preparation

A schematic of the vertical centrifugal casting process performed in this experiment
is shown in Figure 1. After inserting the round gray cast iron into a mold, the mold was
preheated to 673 K and then rotated at 230 rpm. A molten aluminum alloy at 953–963 K was
then poured into the mold and the rotation was stopped after 80 s. Finally, a gray cast-iron
A356 alloy brake disk was manufactured through the process of age hardening for 200 s
in the mold. An optical emission spectrometer was used to measure the aluminum alloy
content used in the brake disk body as Al: bal, Si: 6.8 wt.%, Mg: 0.37 wt.%, Fe: 0.14 wt.%, Ti:
0.09 wt.%, Cu: 0.04 wt.% and Sr: 95 ppm. The schematic of the hybrid brake disk and the
locations A and B for hardness and microstructure investigations in this casting is shown
in Figure 2. Section A is closer to the center than section B; both sections correspond to the
outermost locations under the pressure of the brake pads.

Figure 1. Schematic of vertical centrifugal casting apparatus used in this experiment. Rotation
direction is counterclockwise.
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Figure 2. Schematic of gray cast iron–A356 hybrid brake disk after casting; investigated locations in
brake disk are highlighted. Section A is closer to the center of rotation than section B.

3.2. Heat Treatment

To investigate the effects of heat treatment on the mechanical properties of this material,
a solid solution treatment (ST) was performed at 773 K for 4 h with several different
cooling media, such as annealing (E) and water quenching (WQ). Artificial aging (AG)
was performed at 473 K for 4 h with WQ. In the current study, solid-solution and artificial-
aging heat treatments are referred to as ST and AG hereafter, respectively. Moreover, ST-E
represents annealing after ST, and ST-WQ represents water quenching after ST. ST-WQ-AG
represents to be performed the artificial aging after ST-WQ. The ST-WQ and ST-WQ-AG
processes are the T4 and T6 heat treatments, respectively. The cooling rate related to this
heat treatment was measured using an in-situ software, as shown in Table 2.

Table 2. Heat treatment condition of A356 alloys (based on at 298 K).

Heat Treatment Temperature
(K)

Holding Time
(h)

Heating Rate
(K/min)

Cooling
Rate (K/min)

ST
E

773 4 4.16
1.1

WQ 1340
AG 473 4 1.67 1750

3.3. Microhardness Test

The A356 alloys were subjected to micro-hardness testing (HM-122, Akashi, Japan)
under a pressure of 0.05 kgf/cm2 held for 10 s. All samples from sections A and B were
measured 20 times, and the values were averaged, excluding the maximum and minimum
values.

3.4. Differential Scanning Calorimetry (DSC)

The samples were treated with the solid solution for 10 h at 813 K, followed by cooling
at different rates (water quenching and annealing) to analyze the strengthening mechanism
after the AG heat treatment. Subsequently, 13 ± 0.5 mg of each sample was cut and placed
in a pellet-shaped capsule. Differential scanning calorimetry (DSC; N-650, SCINCO.) was
performed at a heating rate of 50 K/min in a 40 cc/min flow of Ar.

3.5. Microstructural Analysis

All samples were polished with 200 to 2400-grit silicon carbide papers and with a
0.25 µm diamond suspension and a 0.04 µm colloidal suspension. These samples were
observed with an optical microscope (OM; Eclipse LV150N, Nikon Metrology Inc., Tokyo,
Japan) and a field emission scanning electron microscope (FE-SEM; MIRA3, Tescan.—Brno,
Czech Republic) with an acceleration voltage of 5.0 kV. Energy dispersive spectroscopy
(EDS, EDAX, Mahwah, NJ, USA) was also performed to analyze the chemical composition
of IMCs. Chemical quantitative analysis was performed using an electron probe microana-
lyzer (EPMA; JXA-8230, JEOL Ltd.—Tokyo, Japan) with an acceleration voltage of 15.0 kV.
The area fractions of the IMCs and microstructures were measured using an image analyzer
(I-solution DT software).
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4. Results and Discussion
4.1. Microstructure of Sections A and B before Heat Treatment

Figure 3 shows the non-heated A365 alloy samples from sections A and B. The mi-
crostructural characteristics of each section, such as the IMC distributions, were signifi-
cantly different. The crosslines in the images are examples of measurements of the sec-
ondary dendrite arm spacing (SDAS) based on ASTM E112–96 (Reapproved 2004). The
average SDAS values in sections A and B were 51.85 and 35.04 µm, respectively. The
microstructure of section A was coarser than that of section B. The solidification rate of
each section was calculated using Equation (4), where V is the solidification rate [28]. The
solidification rate in Section B was determined as 87 K/s, which was 3.45 times higher than
that in Section A (25 K/s).

SDAS = 39.4V−0.317 (4)

When the microstructure is affected by rotational force, IMCs are observed opposite
the center of rotation. In contrast, more IMCs were observed in section A than in section
B. This indicates that the microstructure was less affected by rotation force than by the
solidification rate. Thus, the Fe-rich IMCs were more concentrated in section A owing to
its lower solidification rate. The Fe-rich IMCs were distributed adjacent to the dendrite
owing to their low solubilities in the Al matrix. These compounds experienced difficulty in
escaping from the dendrite, thereby causing micro-segregation. The IMCs were impurities
on the A356 alloys, therewith degrading the mechanical properties [24].

Figure 3. Optical microscopy images of non-heated A356 alloy; crosslines in the images indicate
measurements of secondary dendrite arm spacing. (a) section A and (b) section B. Section A is closer
to the center of rotation than section B.

4.2. Effects of Heat Treatment on the A356 Alloys

Figure 4 shows the microstructures of the A365 alloys after heat treatment. Compared
to the non-heated A356 alloys (Figure 3), the Fe-rich IMCs adjacent to the dendrite de-
creased in ST-WQ. When ST-E was used, the contents of the Fe-rich IMCs were similar
to those in the non-heated A356 alloys. Figure 5a shows the SDAS measured using the
linear intercept method (crossline in Figure 3). Depending on the heat treatment, the SDAS
in sections A and B did not change significantly. However, they varied according to the
cooling rates after ST and grew slightly, even with AG. Figure 5b shows the area fractions
of the intermetallic compounds. The area fractions of the IMCs decreased in the samples
with WQ after ST. In contrast, the area fractions of the IMCs in the ST-E A356 alloys was
similar to that in the non-heated A356 alloys. In the ST-WQ and ST-WQ-AG A356 alloys,
the difference of area fraction between sections A and B was decreased from 0.42% to 0.2%
(compared to that in the non-heated A356 alloys). The reductions of the area fraction and
the difference of area fraction occurred because the Mg constituting the π-Al8Mg3FeSi6
phases was re-dissolved into the Al matrix during ST [29]. The aspect ratio about the
horizontal axis/vertical axis of eutectic Si was shown in Figure 5c; if the value were closer
to 1, it would adopt a more spherical shape. As a result of the ST, the aspect ratio of eutectic
Si decreased by approximately 0.3 compared to that of the non-heated A356 alloys. This
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was because inter-diffusion occurred to reduce the surface energy of the Si solute atoms
owing to the driving force during the heat treatment [27]. The spheroidization of eutectic
Si in heat-treated A356 alloys yielded a similar aspect ratio.

Figure 4. Optical microscopy images of heat-treated A356 alloy: (a–c) section A; (d–f) section B;
(a,d) ST-E, (b,e) ST-WQ, and (c,f) ST-WQ-AG (section A is closer to the center of rotation than section
B).

Figure 5. Quantitative microstructural analysis using I-solution DT image software: (a) SDAS, (b)
area fraction of IMCs, (c) aspect ratio of eutectic Si, and (d) Vickers hardness.

Figure 5d shows the Vickers hardness values of both sections after heat treatment.
In both sections the HV values were similar because the values existed within deviation
ranges. The differences are observed between the specific heat treatment processes. The
average hardness was calculated to this Equation ((section A + section B)/2). Compared
to the non-heated A356 alloys, the average hardness of the ST-E A356 alloys decreased
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by 13 HV because of grain boundary segregation caused by the formation of eutectic-
Mg2Si adjacent to eutectic Si and π-AlMgFeSi [30]. In contrast, the average hardness of
the ST-WQ A356 alloys were 64 HV, which were higher than the non-heated A356 alloys.
These changes corresponded to the reduction in the area fractions of IMCs that occurred as
Mg solute atoms re-dissolved into the Al matrix during ST. This led to the solid-solution
strengthening effect owing to the re-dissolution of Mg in the Al matrix.

4.3. Analysis of IMCs

Figure 6 shows the quantitative analysis of section B. The A356 alloy contained eutectic
Si phases and Fe-rich IMCs (π-AlMgFeSi, β-FeSiAl) around the Al matrix. The Fe-rich IMCs
were identified by EDS and were divided into a gray π-AlMgFeSi and a needle-shaped
light-gray β-FeSiAl phase (Figure 7c). After ST-WQ and ST-WQ-AG, π-AlMgFeSi phases
were transformed into β-FeSiAl phases owing to the low melting temperature of the Mg
solute atoms. Differences in the sizes and morphologies of the β-FeSiAl phases were not
observed. The eutectic Si in the non-heated A356 alloys was present with a relatively
uniform concentration. However, the concentrations of Si solute atoms constituting the
π-AlMgFeSi and β-FeSiAl phases were slightly increased.

Figure 6. Secondary electron images and chemical element quantitative mapping obtained by EPMA in section B: (a) non-
heated, (b) ST-E, (c) ST-WQ, and (d) ST-WQ-AG samples, (e) magnifications of (b).



Appl. Sci. 2021, 11, 11572 8 of 11

Table 3. Qualitative analysis (EDS/EDAX) results of points in Figure 7 (wt.%).

Point Al Si Mg Fe

1 77.04 16.75 - 6.22
2 84.71 14.26 1.02 -
3 75.55 20.16 4.29 -
4 49.06 26.78 14.34 9.83
5 71.94 11.20 - 16.87

Figure 7. Field-emission scanning microscopy images of samples after ST-E heat treatment: (a,b) located in section B, and
(c) representative phases of π-AlMgFeSi and β-FeSiAl in these A356 alloys. Chemical compositions of these points are
shown in Table 3.

After the ST-WQ, the microstructure was relatively finer than before heat treatment,
and the solute micro-segregation of Si solute atoms was reduced. The Mg solute micro-
segregation distributed in the Si and Fe are shown in Figure 6b. These corresponded to the
concentrated Mg solute atoms, as shown in Figure 7 (Points 2 and 3). The microstructures
of the ST-WQ and ST-WQ-AG A356 alloys were not significantly different, as shown in
Figure 6c,d. However, the hardness in section A increased from 64.1 HV to 81.2 HV, and in
section B from 63.7 HV to 82.5 HV (Compared to the ST-WQ and ST-WQ-AG A356 alloys).

Figure 8 shows the DSC analytical results of the precipitation and dissolution of the
phases. In general, DSC is used to observe the temperatures at which fine phases are
precipitated. The convex upward peak is an exothermic peak when a phase is formed, and
the concave downward peak is an endothermic peak when the phase is re-dissolved into
the Al matrix. An exothermic peak around 400 K is known as the Guinier–Preston zone (GP
zone). In this zone, a fine-scale metallurgical phenomenon of Mg–Si nanocluster formation
occurs [31]. The exothermic peaks between 500 and 600 K were generated by the formation
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of β” and β′ phases [32]. The values of the entropy/heat of reaction are calculated by
this method [33]. A higher entropy value means that a lot of phases have been formed.
When considering the temperature of artificial aging, the increase of average hardness in
ST-WQ-AG A356 alloys by 18 HV compared to the ST-WQ A356 alloys was determined to
be because of a precipitation-strengthening effect that occurred by the formation of the GP
zone in the Al matrix.

Figure 8. DSC curve of A356 alloy (water quenching and annealing after ST at 813 K for 10 h).

5. Conclusions

This research was aimed at increasing the quality of centrifugally cast A356 alloys by
improving the mechanical properties and reducing segregation caused by the Fe-rich IMCs
through heat treatment.

1. Concerning the non-heated A356 alloys, the SDAS of section A was 1.48 times coarser
than section B, and the area fraction of Fe-rich IMCs in section A (0.95%) was 1.72 times
higher than that in section B. This difference in microstructure of sections A and B
can be reduced through heat treatment.

2. The SDAS in the ST-E heat-treated A356 alloys was longer than that in the non-heated
A356 alloys by 3.92 µm, and the eutectic-Mg2Si phases were precipitated at the grain
boundaries. This phase caused grain boundary segregation and decreased the average
hardness by 13 HV. The differences in the area fractions of Fe-rich IMCs between
section A and section B were similar to those from before heat treatment.

3. In the ST-WQ (T4) heat-treated A356 alloys, the SDAS was decreased by 3.1 µm,
compared to the non-heated alloys. In addition, the area fraction of the Fe-rich IMCs
decreased by 0.25. This decrease occurred because the Mg solute atoms included in
the π-AlMgFeSi phases were re-dissolved into an aluminum matrix. This caused the
average hardness to increase by 11 HV. Moreover, the difference in area fraction of
Fe-rich IMCs between section A and section B was reduced from 0.42% to 0.2%.

4. The segregation of Si and Mg solute atoms was reduced by ST-WQ and ST-WQ AG.
The average hardness of the ST-WQ-AG (T6) heat-treated A356 alloys was the highest
value owing to GP zone formation during artificial aging.

This study presented the potential for the heat treatment of aluminum alloys manu-
factured by vertical centrifugal casting processes. The consequence would guarantee the
quality of castings by reducing segregation and improving mechanical properties, and
would be a reference for optimizing heat treatment of aluminum alloys manufactured by
the vertical centrifugal casting.
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