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Abstract

Functionally graded materials are a new class of composites whose composition or microstructure
changes continuously along a specific direction. One of the methods for producing the functional
heterogeneity in the microstructure of cast materials is centrifugal casting. For this purpose, in this
research, by centrifugal casting of Al-13.8wt.%Mg>Si alloy and adding an appropriate amount of
Al-5Zr, the changes in microstructure and mechanical properties in the radial direction of the cast
cylinder were investigated. The microstructure of the cast cylinder without Zr showed columnar
Al/Mg>Si eutectic cells in the radial direction and the accumulation of primary Mg»Si particles in
the inner layer of the cylinder. In the next step, the effect of the addition of Zr on the microstructure
and mechanical properties of the same alloy in the radial direction of the cast cylinders was
investigated. The results showed that the addition of Zr led to a change in the morphology of the
secondary phases of Mg>Si from dendritic to cubic morphology and a finer size, and changed the
fracture mode from cleavage to dimple fracture. Also, due to the enhancement in the amount of
the Mg>Si phase caused by the addition of Al-5Zr, the hardness of the sample containing Zr
increased in all three layers. Tensile strength was enhanced in the three layers of the cylinder due

to the increase in equiaxed eutectic cells and finer Mg>Si particles.
Keywords: Functionally materials, centrifugal casting, Al-13.8 wt.%Mg>Si-Zr alloy
1. Introduction

Functionally graded materials have a graded microstructure, physical and mechanical
properties[1]. These materials have many applications in brake rotor discs, cylinder liners, pulleys,

rocket nozzles, medical implants, armors and optical devices where high wear resistance and
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hardness are required in combination with high bulk toughness[2,3]. This combination of

properties may not be readily obtained in homogeneous aluminum matrix composites [3].

One of the suitable methods to eliminate the columnar region and create a coaxial cast structure is
the addition of nucleating agents during solidification[4]. Various compositions have been used
for nucleation in molten aluminum and its alloys. One of the most effective methods of improving

the properties of aluminum alloys is grain refining by using the Al-Ti-B master alloys[5].

One such composition is the use of Al-5Zr as a nucleating agent[6]. Zirconium is a key alloying
element, used mainly in the 2xxx and the 7xxx series of the aluminum alloys, where it contributes
to dispersion enhancement and reduces the rate of dynamic recrystallisation[7,8]. AI-5Zr is a strong
candidate for grain refinement of AI-Mg-Si alloys due to the formation of particles with high
thermal stability and exceptional lattice compatibility with aluminum[9]. The AlzZr phase is more
thermodynamically stable at high temperatures. It remains stable even near the melting point of
aluminum, and its toxic effect is also less and reduces the nucleation performance to a lesser extent

[7,10,11].

Various additives are available to control microstructural and grain refinement properties[12,13].
However, the role of the operating parameters of the casting process should not be overlooked[ 14—
16]. One of the important variables in centrifugal casting to control the microstructure of the
casting is the vibration of the melt during casting. The energy generated in the vibrations creates
new nucleation sites due to the breakage of secondary arms in the melt, leading to a more even
distribution of nucleation sites and faster solidification of the entire part[16]. Recently, functional
materials reinforced with primary particles of Si, AlLCu, Al-NiAlz, AI-Mg>Si, Al-TiAlz, AI-NiAls,
Al-AlzZr, Al-5B, Al-7.2B, Al-4B-2Mg, Al-7S1-0.3Mg-TiB> have been produced based on the in-
situ centrifugal casting method[2,17-23]. In this case, the effect of vibration and refiners on the

microstructure of the hypoeutectic semi-solid slurry of the Al-Si alloy has been investigated[24].

This research aims to investigate the creation of a graded casting microstructure and mechanical
properties of Al-13.8wt.%Mg>Si and Al-13.8wt.%Mg>Si-Zr cylinders fabricated by the centrifugal
casting method. To our knowledge, the effect of Zr on the Al-Mg-Si eutectic alloy has not been

investigated by the centrifugal method in details.

2. Experimental



The aim of this research is to investigate the feasibility of creating a graded cast microstructure in
the eutectic Al-13.8wt.%Mg>Si alloy by inducing functional nucleation using centrifugal casting.
For this purpose, in the first stage, alloying with the desired composition was carried out. In the
next stage, by remelting the prepared alloy and adding nucleating agents, cylindrical samples with
functional microstructure were cast using a vertical centrifugal casting machine. Then, the
microstructure of the cast cylindrical samples at different radial sections was quantitatively and

qualitatively investigated. Figure 1 shows the stages of the experiments in this research.

Melting Remelting Refinement Degassing Centrifugal Casting
Al-13.8%Mg,Si Alloy Graphite " Al-5Zr C:Cls Steel mold 1400 rpm
stirring rod '

ucleating % tablet
agent @

"

Melting Remelting Refinement Degassing Centrifugal Casting

Characterization +

XRD

»

Intensity (a.u.)

0 30 40 S50 60 T0 80
26 (degre)

Optical Microscopy FESEM/EDAX XRD Tensile Testing Brinell Hardness
(OM) Machine Tester

Figure 1. Schematic of the general process of conducting tests
2.1 Alloying of primary ingots

To prepare the initial Al-13.8wt.%Mg>Si alloy (hereinafter referred to as Al-13.8%Mg>Si for
brevity), aluminum, magnesium, and silicon were used with a purity of 99.8%, 99.7%, and 99.9%,

respectively.

For this purpose, aluminum was first melted in a graphite crucible using a ground furnace at 800
°C. Then, weighed silicon was added to the aluminum melt. Before adding weighed magnesium to
the melt, the melt temperature was reduced to 740 °C due to the high vapor pressure of magnesium.
Also, to compensate for losses due to magnesium burning, after performing multiple quantometers,

the weight of magnesium was considered to be 15% more than the calculated weight ratio for the



alloy. After adding magnesium, the melt temperature was increased to 800 °C and maintained at
800 °C temperature for 15 minutes and cast into a metal mold. The final chemical composition of

the alloy, as determined by quantometric analysis, is given in Table 1.

Table 1. Chemical composition of the alloy used (in weight percent)

Mg Fe Si Al
7.76 0.16 5.13 rest

Since the mechanical properties of the samples were also measured in this work, the samples were
cast with the least possible defects and porosity. Accordingly, the pre-alloyed ingots were remelted.
Then, an Al-5Zr nucleating agent was used with an optimal percentage of 0.1% by weight and a
density of p = 2.776 (g/cm?®). Initially, the nucleating agent was added to the eutectic alloy in an

optimal percentage, and then centrifugal casting was performed.

After adding the nucleating agent, the melt was stirred well with a graphite rod for 5 minutes.
Degassing was performed using hexachloroethane (C2Cls) degassing tablets in different amounts
and at different holding times. The results showed that the optimal condition for melt degassing

was achieved using 0.5 wt.% of the dry degassing tablet with a holding time of 2 minutes.

2.2 Centrifugal Casting

To produce a graded alloy with a controlled gradient of microstructure and properties, a vertical
centrifugal casting machine was used as shown in Figure 2 (a). After slag removal, the final casting
operation was carried out in a vertical centrifugal casting machine equipped with a mold preheating
system. The centrifugal casting machine had special capabilities including the ability to control
the mold cooling rate during rotation, to create a variable mold rotation speed in the range of 0-
3400 rpm, and to achieve isothermal solidification up to 700 °C. The melt was poured into a
rotating steel mold preheated to 300 °C and a rotation speed of 1400 rpm. Before casting, a thin
ceramic coating of 1 mm thickness was applied to the inner wall of the mold to reduce the
solidification rate. After casting and solidification, functional cylinders with a length of 110 mm,

an outer diameter of 90 mm, and a thickness of 15 mm were obtained as shown in Figure 2 (b).



The above-mentioned casting operation was also repeated for the casting of the Al-13.8%Mg>Si

alloy without adding a nucleating agent.

(b)

Figure 2. (a)The inlet valve for the melt into the centrifugal casting machine, Al-13.8wt.%Mg 2 Si-Zr cylinder

fabricated by the centrifugal casting method, (b) product cylinder

2.3 Sample preparation for metallography

Finally, the radial sections of the cylindrical samples, each 15 mm thick, were cut along the
longitudinal direction and parallel to the rotation axis. After sanding and polishing, samples were

etched with a 1% HF solution.
2.4 Microstructural and chemical composition characterizations

The microstructure of the radial sections (Figure 3 (a)) was studied using optical microscopy (OM)

and FESEM equipped with EDAX (MIRA3 TESCAN).
2.5 Mechanical characterization

Tensile samples were cut from both the grain-refined and non-refined cast cylinders using a wire
EDM machine under the JIS Z2201 No. 7 standard (Figure 3 (b)). Phase analysis was performed
by an X-Ray Diffraction (XRD) spectrometer with step size: 0.02 and time per step: 0.5 s (with
Cu Ka radiation, k = 0.15406 nm; 40 kV; Philips PW3710). Tensile tests were conducted using a
Zwick/Roell testing machine with a 10-ton capacity. The tests were performed at room temperature

with a jaw speed of 0.5 mm/min on the samples. The Brinell hardness test was performed with a



load of 125 kg for 10 s using the Kopa model hardness machine on different layers of cylinders

(Figure 3 (¢)).

(a) (b)

(c)

Figure 3. (a) Schematic of metallographic sample preparation, (b) Flat tensile specimen used in tensile testing

(according to JIS:Z2201 No7 standard), (c) Schematic of radial cross-sections of samples for Brinell hardness

testing

3. Results and discussion

In order to identify the phases formed, the cast cylinders of Al-13.8%Mg>Si and Al-13.8%Mg,Si-
Zr alloys were subjected to X-ray diffraction (XRD). However, since the content of Zr-containing
phases was less than 5 wt%, they were not detected in the diffraction patterns. Figure 4 shows the
XRD patterns of the Al-13.8%Mg>Si and Al-13.8%Mg,Si-Zr alloys after centrifugal casting. The
identified phases include aluminum and Mg>Si. The Mg>Si phase is attributed to both primary
(non-eutectic) particle and eutectic phases. In the Al-13.8%Mg>Si-Zr alloy, the intensity of the

MgSi peaks is observed to increase, which is attributed to the addition of Zr to the eutectic alloy.
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Figure 4. X-ray diffraction pattern of the Al-13.8%Mg.Si and Al-13.8%Mg.Si-Zr alloys after centrifugal
casting

The equilibrium phase diagram of aluminum-zirconium has a peritectic reaction at 660.5 °C. The
solubility of zirconium in aluminum in the solid state at equilibrium temperature is about 0.28%.
This solid solubility can reach 2 to 2.5% under non-equilibrium conditions. In practice, when the
zirconium content increases from 0.16%, AlzZr intermetallic particles precipitate directly from the
melt[25]. The AlzZr particles have excellent thermal stability due to their high negative formation
energy (- 40 kj/mol) and high melting temperature (1580 °C). Above 660.5 °C temperature, there

are L(Al) + AlzZr phases after undergoing a peritectic reaction[7].

L(AD) +AbZr == a(Al) (1)

Since the melting temperature (800 °C) is above the liquidus line, the formation of Al;Zr phases is

possible, allowing these phases to effectively play their nucleation role in the microstructure.



The Al-13.8%Mg>Si alloy was cast via centrifugal casting in a preheated metal mold, with the
addition of 0.1 wt. % Al-5Zr nucleating agent. The Al;Zr intermetallic compound, with a density
of 4.1 g/cm?®, was formed and fulfilled its nucleating role. Intermetallic phases such as Al;Zr
exhibit many attractive characteristics, including good oxidation resistance and high melting
points. Due to its higher density (4.14 g/cm?®) compared to that of the molten alloy (2.57 g/cm?),
the AlzZr phase segregates against the centrifugal force toward the outer wall of the cylinder [26].
Figure 5 shows the EDAX spectra of the (a) outer, (b) middle and (c) inner layers of the Al-
13.8%Mg2Si-Zr alloy. The results indicate that Zr is present in all three layers, however, its content

is higher in the outer layer.
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Figure 5. FESEM microstructural images and EDAX spectra of the (a) outer, (b) middle and (c) inner
layers of the Al-13.8%Mg:Si-Zr alloy



Figure6 shows optical microscope microstructure images of different radial sections. Images (a)
to (c) represent the microstructure from the outer layer to the inner layer of the Al-13.8%Mg>Si
alloy cylinder, while images (d) to (f) represent the microstructure from the outer layer to the inner
layer of the Al-13.8%Mg>Si-Zr alloy cylinder. In the zirconium-free sample, (Figure6 (a), (b)),
the eutectic cells grew in a columnar manner in the outer and middle layers. According to the
optical micrographs of the eutectic Al-13.8%Mg>Si alloy, the inner layer (Figure6 (c)) exhibits
coarse eutectic layers along with primary Mg>Si phase. In fact, the formation of coarse eutectic
layers in the inner regions is attributed to the low solidification rate in these layers. Additionally,
in Figure6 (c), black particles with a polyhedral morphology are observed, which correspond to
primary Mg>Si particles. Due to its lower density (1.95 g/cm?) compared to that of the molten alloy
(2.6 g/cm?)[26], the Mg>Si phase segregates against the centrifugal force toward the inner wall of
the cylinder. The presence of the Mg>Si phase in the inner layer indicates that the outer layers
solidified earlier under non-equilibrium conditions. Subsequently, the Mg>Si particles formed in
the outer layers segregate toward the inner layers. It appears that the black phases present between
the eutectic cells result from the formation of the ternary AI-Mg>Si-Si eutectic, because within the
eutectic cells, the stoichiometric ratio of silicon to magnesium in the eutectic Mg>Si phase is 1:2,
and the excess silicon is rejected to the cell boundaries, thereby increasing the silicon content at

the boundaries.

Figure6 (d), corresponding to the outer layers, the distribution of needle-like phases is random.
The higher cooling rate in the outer layer has led to the precipitation of these needle-like phases
there. Li et al. reported that as the cooling rate increases, the morphology of the AlsZr phase
becomes fine and blocky, while the coarse plate-like phase disappears[25]. In Figure6 (e),
corresponding to the middle layer, the presence of zirconium and its segregation in the intercellular
spaces has led to the formation of a coaxial eutectic cell microstructure. Indeed, upon adding
zirconium to the base eutectic alloy, nucleation occurred throughout the melt, and the eutectic cells
grew coaxially. In the Figure6 (f), corresponding to the inner layer, zirconium (Figure 7) prevented

the growth of plate-like Mg»Si particles and refined their size.
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Figure 6. Optical microscope microstructures of different radial sections: images (a) to (c) show the
microstructure from the outer layer to the inner layer of the Al-13.8%Mg:Si alloy cylinder, and images (d)
to (f) show the microstructure from the outer layer to the inner layer of the Al-13.8%Mg.Si-Zr alloy

cylinder

In Figure 7, mapping analysis images of the inner layers of Al-13.8 %Mg,Si-Zr alloy are shown. The results

indicate the Zr (show in red) is present in the structure of 13.8%Mg>Si-Zr alloy cylinder.
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Figure 7. Mapping analysis images of the inner layers of the Al-13.8 %Mg:Si-Zr alloy

Figure 8, FESEM microstructure images of the middle and inner layers of centrifugally cast (a)
Al-13.8% Mg>Si cylinder and (b) Al-13.8% Mg>Si-Zr cylinder are shown. The addition of Zr has
a significant effect on the growth process of Mg>Si particles, preventing the growth of certain
planes in specific directions. As a result, the morphology of these particles changed to finer cubic
shapes (Figure 8(b)). It has been reported AlzZr particles, with a strong pinning effect on grain
boundaries, severely inhibit grain growth at high temperatures[27]. Azarbarmas et al. reported that
there is no clear mechanism for the changes in the morphology of the Mg-Si particles. This effect
is probably due to an increase in the melting entropy of the Mg.Si particles or to a change in their
surface energy caused by lattice distortion resulting from the presence of additives in the Mg.Si
lattice[28]. However, in the transition region between the middle to inner layers, some of irregular
polyhedral Mg>Si particles with sizes of 180.73£17.61 pm can be observed. It seems that the
formation of these irregular polyhedral Mg»Si particles can be attributed to the low solidification
rate in the inner layer of the cylinders. Table 2 shows the relationship between the Mg>Si particle
size in the Al-13.8%Mg-Si and Al-13.8%Mg,Si-Zr cast cylinders after centrifugal casting. It indicates that
the addition of Zr can reduce the MgSi particle size in the inner layer of the cast cylinders (as

determined by Image J analysis) from 43.59+9.83 to 16.23+6.19 (um).

Table 2. Relationship between Mg:Si particle size in the inner layer of the Al-13.8%Mg:Si and Al-
13.8%Mg:Si-Zr cast cylinders after centrifugal casting

Inner layer (um)
Al-13.8%Mg-Si 43.5949.83
Al-13.8%Mg>Si-Zr 16.23£6.19
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Figure 8. FESEM microstructural images of the middle and inner layers of centrifugally cast (a) Al-13.8% Mg:Si
cylinder and (b) Al-13.8% Mg:Si-Zr cylinders

In this section, the Brinell hardness test results of the samples are examined. To this end, Figure 9
shows the Brinell hardness values of the functionally graded eutectic Al-13.8%Mg>Si alloy
without a nucleating agent and containing 0.1 wt. % Al-5Zr the nucleating agent, measured in
different layers of the cylinder. It is observed that the hardness of the sample without a nucleating
agent decreases from the outer layer to the inner layer. This can be attributed to the fact that,
moving from the outer to the inner layer, the solidification rate decreases, leading to an increase in
the interlamellar spacing of the eutectic layers and, consequently, a reduction in hardness. By
examining the optical microscope microstructural images of the sample containing the Zr

nucleating agent, it is observed that Zr refines the microstructure into equiaxed eutectic cells and



produces fine Mg>Si particles. As a result, the Brinell hardness value has increased compared to
the previous samples. Furthermore, in Figure 10, within the inner layer of the Al-13.8% Mg>Si-Zr
cylinder, crack deflection by the reinforcing Mg>Si phases can be observed. Since the Mg>Si phase
size is smaller in this sample, it leads to greater crack deflection and, consequently, an increase in

the Brinell hardness value.
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Figure 9 .Hardness variations in the outer, middle, and inner layers of the Al-13.8%Mg:Si and the Al-
13.8%Mg:Si-Zr alloy cylinders



MgaSi

SEM HV: 15.0 kV WD: 8.51 mm

View field: 31.8 pm Det: SE
SEM MAG: 4.00 kx | Date(m/dly): 10/29/25

Figure 10. FESEM microstructural image of the Al-13.8%Mg:Si-Zr sample in the inner layer

Figure 11 shows the tensile strength variations in the outer, middle, and layers of the Al-
13.8%Mg>Si and Al-13.8%Mg>Si-Zr alloy cylinders. According to the results, it can be observed
that the strength of the cast cylinders in all three layers (outer, middle and inner) has increased due
to the addition of zirconium to the eutectic alloy, compared to the sample without zirconium. As
mentioned earlier, the presence of fine needle-like Al;Zr phases in the outer layer, the presence of
equiaxed eutectic cells in the middle layer, and the presence of finer Mg>Si particles in the inner

layer have collectively contributed to the increase in the tensile strength of the samples.
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Figure 11. Tensile strength variations in outer, middle, and inner layers of the functionally graded Al-

13.8%Mg:Si and Al-13.8%Mg:Si-Zr alloy cylinders

Figure 12 presents fracture surface images of different radial sections, from the outer layer to the
inner layer, of both the Al-13.8%Mg>Si and Al-13.8%Mg>Si-Zr alloy cylinders. In the zirconium-
free sample, coarse Mg>Si particles cause embrittlement and lead to a fracture mode characterized
primarily by cleavage. The sharp-edged secondary Mg>Si particles act as stress concentrators,
which reduce the fracture stress, and cracks propagate from these particles[29]. In the zirconium-
containing sample, the reduction in the size of secondary Mg»Si particles across the inner, middle,
and outer layers of the cylinder results in the formation of dimples and incoherent Mg>Si particles.
These dimples form through void coalescence during plastic deformation, indicating ductile
fracture in the composite. Second-phase particles are visible at the base of the dimples. Studies by
other researchers have similarly shown an increase in dimple formation upon the addition of
copper or beryllium to Al-Mg>Si composites[28—30]. Furthermore, as shown in the Figure 10, the
crack propagates from the interface between the matrix and the brittle Mg>Si particles, leading to

ductile fracture in the zirconium-containing sample.
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Figure 12. FESEM fracture surface images of different radial sections: (a) to (c) show the microstructure
from the outer layer to the inner layer of the Al-13.8%Mg:Si alloy cylinder, and (d) to (f) show the
microstructure from the outer layer to the inner layer of the Al-13.8%Mg:Si-Zr alloy cylinder

4. Conclusions

e The addition of Zr had a significant effect on reducing the size of eutectic cells and
changing their morphology from columnar to equiaxed. It also led to a change in the
morphology of the secondary Mg>Si phases and reduced their size from 43.59+9.83 pum to
16.23+6.19 pm.

e The Addition of Zr changed the fracture from cleavage fracture (in the sample without Zr)

to dimple fracture (in the sample with Zr).



The Brinell hardness value of the eutectic alloy decreased from 59.1 HB (outer layer) to
53.36 HB (inner layer), while the Brinell hardness of the Zr-containing eutectic alloy
decreased from 67.27 HB (outer layer) to 53.36 HB (inner layer).

The Tensile strength of the eutectic alloy, due to the presence of columnar eutectic cells
and larger Mg>Si particles, varies from 146.12 MPa (outer layer) to 54.56 MPa (inner
layer). In contrast, the tensile strength of the Zr-containing eutectic alloy, owing to
equiaxed eutectic cells and finer Mg>Si particles, varies from 212.55 MPa (outer layer) to
57.39 MPa (inner layer). The most pronounced effect of Zr addition is observed in the outer

layer of the Al-13.8%Mg>Si alloy.
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