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ABSTRACT

This study investigates the optimization of cooling slope (CS) casting parameters and reheating
conditions for semi-solid ADC12 aluminum alloy feedstock to achieve refined microstructures and
improved formability. ADCI2, a hypoeutectic AI-Si—Cu alloy widely used in automotive
applications, was cast using a water-cooled SS400 steel CS at angles of 30°, 45°, and 60°, with
pouring temperatures of 585 °C, 595 °C, 605 °C, and 615 °C. The as-cast billets were reheated at
580 °C for holding times between 40 and 80 min to promote spheroidization of primary a-Al
grains. Microstructural characterization was conducted using optical microscopy, and grain size
and sphericity were quantified via ImageJ and statistically analyzed using the Weibull distribution
in OriginPro. Results showed that a slope angle of 45° with a pouring temperature of 595 °C,
followed by reheating at 580 °C for 80 min, produced fine, highly spherical a-Al grains with
uniform distribution and minimal porosity. Compared with other tested conditions, this
combination demonstrated superior microstructural stability, which is expected to enhance
rheological behavior and mechanical integrity during subsequent semi-solid forming. The
optimized parameters have direct applicability in producing high-quality ADCI2 components for
the automotive industry, reducing defects, and improving dimensional precision.
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1. INTRODUCTION

Semi-solid processing (SSP) has emerged as a promising near-net-shape manufacturing
technology for metallic alloys, offering advantages such as reduced porosity, minimized
segregation, improved dimensional accuracy, and enhanced mechanical properties compared with
conventional liquid-state casting methods [1, 2]. By processing alloys within the solid—liquid
coexistence region, SSP promotes the formation of fine, non-dendritic microstructures, which
improve rheological flow behavior and feeding during mold filling [3]. The improved
microstructure arises from controlled solid fractions, which reduce turbulence, enhance surface
finish, and allow for complex, high-quality components [4, 5].

Several techniques have been developed for generating semi-solid slurry, including
rheocasting, thixocasting, thixomolding, magnetohydrodynamic stirring, ultrasonic stirring, gas-
induced semi-solid, strain-induced melt activation, and spray casting [1, 2]. Among these, the CS
casting method has attracted particular attention due to its simplicity, low equipment cost, and
ability to produce high-quality feedstock without complex stirring devices [6-8].

In the CS process, molten alloy flows along an inclined, water-cooled surface before entering
the mold. Rapid heat extraction and shear-induced dendrite fragmentation result in fine, near-
spherical primary a-Al particles suspended in a partially solidified slurry. Previous studies have
successfully applied CS processing to various aluminum alloys, producing refined microstructures
and improved properties [6, 9-12]. For hypoeutectic Al-Si-Cu alloys such as ADCI12, which is
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widely used in the automotive industry, CS casting can overcome microstructural limitations
associated with high-pressure die casting, such as coarse dendrites, porosity, and shrinkage defects
[13-15]. ADCI12 is a hypoeutectic aluminum die-casting alloy noted for high castability, good
fluidity, and low shrinkage; typical automotive applications include transmission cases, converter
housings, and engine blocks [16]. Research on CS processing of ADC12 has primarily focused on
either microstructural refinement or mechanical property improvement [16-19]. However,
systematic optimization of CS parameters-specifically pouring temperature, slope angle, and slope
length-and their interaction with subsequent reheating conditions remains limited. Reheating is a
critical step in semi-solid forming, as it governs the final grain morphology, sphericity, and liquid
fraction before forming [20]. The relationship between the initial microstructure generated during
CS casting and its evolution during reheating is still not fully understood for ADC12 alloys.

Therefore, this study aims to optimize CS casting parameters and reheating conditions for
ADCI12 aluminum alloy feedstock. The research focuses on: (i) evaluating the effects of pouring
temperature and slope angle on as-cast microstructure; (ii) analyzing microstructural evolution
during reheating at 580 °C; and (iii) identifying the parameter combination that produces fine,
spherical a-Al grains with uniform distribution and minimal porosity. The outcomes of this work
are expected to contribute to improved process control and quality assurance in the industrial-scale
semi-solid processing of ADC12 components.

2. EXPERIMENTAL PROCEDURE

2.1. Material and chemical composition

The chemical composition of the ADC12 aluminum alloy, measured in weight percent, is 10.17
Si, 0.26 Mg, 0.19 Mn, 0.05 Cr, 0.73 Fe, 1.65 Cu, and 0.90 Zn, with the balance Al. The measured
Si content confirms a hypoeutectic composition.

2.2. Determination of processing temperatures via DSC

Differential scanning calorimetry (DSC) analysis was performed using a Mettler Toledo
TGA/DSC 3+ thermal analyzer to determine the solidus and liquidus temperatures of ADCI12.
Samples were heated from 30 °C to 700 °C and cooled back to 30 °C at a scanning rate of 10
K/min in an N2 environment. The solidus and liquidus temperatures were 545 °C and 592 °C,
respectively, yielding a 47 °C solidification range (figure 1a).
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Figure 1. DSC (a) and cooling (b) curves of ADCI12 alloy.

Following Birol’s analysis [21], a scanning rate of 10 K/min produced a peak separation (AT)
of 44 °C, corresponding to AT/2 =22 °C. After applying a horizontal shift of 22 °C to the heating
(or cooling) curve obtained from the DSC measurement, the liquid fraction-temperature curve was
derived (figure 2).

In addition to this DSC-based curve, the liquid fraction of ADC12 alloy was also determined
using ProCAST 3D simulation software. By inputting the measured chemical composition of the
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alloy into ProCAST, a simulated liquid fraction-temperature curve was generated. The close
agreement between the shifted DSC curve and the ProCAST simulation confirms that the
temperature-shifting method provides a reliable estimation of liquid fraction for subsequent semi-
solid processing.

Based on the DSC and cooling curve (figure 1b) analyses, four pouring temperatures - 585, 595,
605, and 615 °C - were selected for the CS experiments. The slope angles were chosen as 30°, 45°,

and 60°, following reported ranges from previous studies on semi-solid aluminum processing.
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Figure 2. Liquid fraction of ADC12 alloy. Figure 3. Experimental equipment setup.

Reheating billets to the semi-solid state and holding them isothermally is a critical step in
feedstock preparation, as excessive reheating temperature can cause grain coarsening and
instability. In contrast, insufficient temperature results in an inadequate liquid fraction and poor
rheological behavior. Similarly, prolonged holding promotes grain coarsening, whereas
insufficient holding time prevents complete spheroidization of a-Al grains. Previous studies
indicate that a liquid fraction between 30% and 60% is optimal for stable semi-solid forming [1,
8]. Accordingly, reheating temperatures of 580 °C and 590 °C were initially considered. Based on
the liquid-fraction analysis derived from the heating curve (figure 2), these temperatures
correspond to ~ 34% and ~ 60% liquid fraction, respectively - i.e., mid-window versus the upper
bound. However, billets reheated to 590 °C exhibited excessively rapid melting, indicating
unsuitability for stable semi-solid processing. Therefore, 580 °C was selected as the reheating
temperature for this study.

2.3. Cooling slope casting setup and procedure

The CS apparatus, previously employed for billet fabrication in [22], was 320 mm in length,
made of SS400 steel, and coated with a mold release layer (Metalcote 1998/P) to prevent molten
metal adhesion (figure 3). A water-cooling system was installed beneath the slope to ensure rapid
heat extraction and promote heterogeneous nucleation during the slurry formation stage.

The molten ADC12 alloy was prepared in a Nabertherm L40/11 resistance furnace at 750 °C
under PID temperature control. Pouring was carried out at the four selected temperatures (section
2.2) and slope angles of 30°, 45°, and 60°. At the end of the slope, the semi-solid slurry was
collected into a cylindrical mold made of 304 stainless steel (60 mm diameter, 100 mm height)
covered with an insulating cap to minimize heat loss and promote temperature homogenization.
When the billet temperature decreased to 565 °C, quenching was performed in water to preserve
the as-cast semi-solid microstructure.

2.4. Reheating procedure

The as-cast billets were reheated in a Nabertherm L40/11 furnace in air at the selected reheating
temperature of 580 °C (section 2.2). The heating rate was 10 °C/min, and isothermal holding was
conducted for 40, 60, 80, and 100 minutes to investigate microstructural evolution and identify the
optimal spheroidization conditions without excessive grain coarsening. After holding, billets were
quenched in oil to preserve the semi-solid microstructure for further characterization.
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2.5. Characterization methods

Metallographic specimens were sectioned to dimensions of approximately 15 - 20 mm length
and ~ 10 mm thickness. The samples were ground, polished, and etched using Keller’s reagent
Microstructural observations were conducted using a Leica DMi8M optical microscope. Grain size
and sphericity of primary a-Al particles were then quantified from the obtained micrographs using
ImageJ software. For each condition, more than 200 complete grains were measured based on their
projected area and perimeter, excluding those intersecting image boundaries or lacking a clear
definition. The calculated grain size and sphericity values were statistically analyzed in OriginPro
2024 SR1 using a Weibull distribution to evaluate characteristic grain size and average sphericity
under different casting and reheating conditions.

3. RESULTS AND DISCUSSION

3.1. Effect of pouring temperature at a 30° slope angle

Figure 4 shows the microstructures of ADCI12 cast at a slope angle of 30° with pouring
temperatures of 585, 595, 605, and 615 °C.

DR 200 m

Figure 4. As-cast at 30° slope: Figure 5. Slope 30°, reheat 580 °C/40 min:
(a) 585; (b) 595; (c) 605, (d) 615 °C. (a) 585; (b) 595; (c) 605, (d) 615 °C.

Across all conditions, the typical dendritic a-Al morphology observed in conventional casting
was effectively disrupted by the CS process, indicating that heterogeneous nucleation and dendrite
fragmentation occurred during flow along the slope surface. However, a-Al grains remained
irregular with indistinct boundaries, and eutectic Si persisted as long, acicular plates. This
incomplete spheroidization suggested that further thermal treatment was necessary to achieve the
rounded grain morphology and homogeneous microstru

ARARES sl ¥4 8 3liNe
Figure 6. Slope 30°, reheat 580 °C/60 min:
(a) 585; (b) 595; (c) 605, (d) 615 °C. (a) 585; (b) 595, (c) 605, (d) 615 °C.
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To promote spheroidization, the 30° cast billets were reheated to 580 °C for different holding
times. After 40 min (figure 5), a-Al grains began to round and eutectic Si became shorter and finer,
particularly at the 615 °C pouring temperature. However, grains remained relatively coarse, and
the transformation was incomplete.

Increasing the holding time to 60 min (figure 6) resulted in more distinct grain boundaries and
a greater degree of spheroidization. However, porosity was observed in billets poured at 585, 595,
and 615 °C, while the 605 °C sample still showed incomplete spheroidization.

At 80 min holding (figure 7), the a-Al grains became well-separated, uniformly distributed, and
nearly spherical, while eutectic Si was finely broken and evenly dispersed.

At a 30° slope, dendritic features are largely suppressed after casting, yet extended reheating is
still required to achieve stable spheroidization. Within the 585-595 °C pouring range, billets show
better post-reheating grain size and sphericity than the other conditions.
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3.2. Effect of slope angle increase to 45° and 60°

Using the optimized pouring temperatures from the 30° trials (585 °C and 595 °C), the slope
angle was increased to 45° and 60° (figure 8). Compared to the 30° condition, the a-Al grains were
smaller, more spherical, and more uniformly distributed immediately after casting. The higher
slope angle increased the shear rate and contact time with the cooled slope surface, leading to more
effective dendrite fragmentation and rapid nucleation. However, acicular Si was still present,

though less prominent than at 30°.
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Grain size and sphericity were quantified using ImagelJ (figures 9, 10), with data fitted to
Weibull distributions in OriginPro. Billets poured at 585 °C and 595 °C exhibited the smallest
average grain diameters and higher sphericity compared with 605 °C and 615 °C. This agrees with
prior studies indicating that lower pouring temperatures enhance undercooling, promoting finer
primary a-Al formation during CS processing. Grain size analysis (figure 9) showed that the 585
°C/60° condition produced the smallest grains, with the grain-size distribution curve shifted
leftward, indicating a greater proportion of fine grains. Sphericity analysis (figure 10) revealed that
the same condition achieved the highest proportion of grains with sphericity > 0.75, consistent
with enhanced spheroidization during the CS process at steeper slope angles.

Increasing the slope angle to 45°/60° noticeably improves as-cast grain sphericity and reduces
the burden on reheating. Within 585 - 595 °C, the 60° condition tends to yield smaller grains and
higher sphericity than the 30° case.

3.3. Reheating effects at 45° and 60° slope angles

Reheating at 580 °C for 40 min (figures 11a, 11b) led to further grain rounding and a clear
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Figure 12. Reheat 60 min: (a) 585 °C, 45°; (b)

595 °C, 45° (c) 585 °C, 60°; (d) 595 °C, 60°. 595 °C, 45° (c) 585 °C, 60°; (d) 595 °C, 60°.
The eutectic Si became shorter, less angular, and more evenly distributed, especially in the

595 °C/45° sample. Grain size distributions (figure 14) indicated coarsening compared to as-cast

conditions, but 585 °C/60° retained smaller grains than other conditions. Sphericity results (figure

15) showed modest improvement for all samples, with 595 °C/60° reaching the highest values.
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After 60 min of reheating (figure 12), a-Al grains exhibited more advanced spheroidization,
but eutectic Si reprecipitation was observed, notably in 595 °C/45° and 585 °C/60°. This is
attributable to the holding temperature (580 °C) being close to the ADCI12 eutectic temperature
(577 °C). Grain size analysis (figure 14) showed that 595 °C/60° had the smallest grains, while
sphericity analysis (figure 15) revealed that 585 °C/60° had the highest sphericity.

Prolonging the reheating time to 80 min (figure 13) resulted in significant coarsening of a-Al
grains, with fewer grains per unit area due to Ostwald ripening. All conditions exhibited eutectic
Si, but the 595 °C/45° billet showed the smallest grain size and highest sphericity (figures 14, 15).
This combination of fine, spherical grains and reduced porosity indicates superior suitability for
semi-solid forming.

Reheating at 580 °C promotes a-Al spheroidization and refines eutectic Si; however, holding
times > 80 min induce grain coarsening, especially near the eutectic region. The combination 595 °C
(pouring) — 45° (slope) — 580 °C/80 min (reheating) delivers fine, spherical a-Al with minimal
defects and the best stability across stages.

4. CONCLUSIONS

This study investigated the influence of CS casting parameters and reheating conditions on the
microstructure evolution of semi-solid ADC12 feedstock. The main conclusions are as follows:

- Effect of slope angle and pouring temperature: Increasing the slope from 30° to 45°/60°
significantly enhances a-Al sphericity and reduces porosity in as-cast billets; 585-595 °C pouring
leads to finer grains and better sphericity after reheating.

- Microstructural evolution during reheating: Reheating at 580 °C enhances «-Al
spheroidization and refines eutectic Si; holding times >80 min trigger grain coarsening,
particularly near the eutectic region.

- Optimal parameters: The condition 595 °C (pouring) —45° (slope) — 580 °C/80 min (reheating)
yields fine, spherical a-Al, minimal defects, and high structural stability across processing stages
- suitable for subsequent semi-solid forming.

- Industrial implication: Proper optimization of CS casting and reheating can shorten the
reheating stage, save energy, and improve feedstock quality for semi-solid forming of ADC12 at
industrial scale.
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TOM TAT

T6i wu héa thong s6 diic mang nghiéng va qua trinh nung lai
cho phéi hgp kim nhém ADC12 & trang thai ban léng

Nghieén ciru nay tap trung toz wu héa cac thong soé cong nghe diic bang mdng nghiéng
va ché do nung nong lai dé ché tao phoz hop kim nhém ADC12 & trang thdi ban léng, nham
dat duoc to chirc vi mo tinh min va cdi thién kha nang tao hinh. ADCI12 la hop kim Al-Si—
Cu truoc cung tinh duwoc sw dung rong rdi trong cong nghiép o6 to, dwoc duc qua mang
nghiéng bang thép SS400 lam mat bang muée ¢ cac géc 30°, 45° va 60°, voi nhiét do rot
585, 593, 605 va 615 °C. Cac phdi dc duoc nung nong lai 0 580 °C vdi thoi gian giir nhi¢t
tr 40 dén 80 phiit nham thic ddy qua trinh cau hoa cac hat o-Al so cap Viéc dac trung vi
cau tric dwoc thiee hién bang kinh hién vi quang hoc; kich thirde hat va dé cau tron dwoc
dinh lvong bang phan mém ImageJ va phdn tich thong ké theo phdn bo Weibull trén phan
mém OrzgznPro Két qua cho thay, géc nghiéng 45° ket hop voi nhiét do rét 595 °C, sau do
nung nong lai ¢ 580 °C trong 80 phut tao ra to chicc hat a-Al tinh min, do cau cao, phdn
bo dong déu va it ¥é khi. So véi cdc diéu kién khdc, t6 hop thong $0 nay cho thay do on dinh
Vi cau tric vuot troi, dw klen cai thién dang ké tinh lwu bién va dé bén co hoc trong qua
trinh tgo hinh ban long tiép theo. Két qua cua nghién ciru nay duoc ky vong sé gép phan
ndng cao kha nang kiém sodt quy trinh va dam bdo chat lwong trong gia cong ban long hop
kim ADC12 o quy mo cong nghiép.

Tir khoa: Béan long; Puc mang nghiéng; ADC12; Puc xuc bién; Nung lai; Cau hoa hat.
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