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The ADC12 aluminum alloy, known for its excellent casting performance, light weight, and recyclability, is extensively utilized
in the automotive industry. However, its mechanical properties still have a lot of room for improvement due to the influence of
phase morphology. Rare earth Y modification and T6 heat treatment have a significant optimization effect on the mechanical
properties of the alloy. During T6 heat treatment, the influence of solid solution temperature and time, as well as aging tempera-
ture and time must be comprehensively considered. This study uses orthogonal experiments to investigate the ideal heat treat-
ment procedure for Y-modified ADC12 aluminum alloy. Microscopic structural changes after treatment are examined through
deep etching and three-dimensional analysis. Our findings reveal that the microstructure is notably refined, when Si particles are
reduced in size and become spherical. Additionally, most of the Al,Cu phase dissolves into the ¢-Al matrix, with only a small
fraction re-precipitating as fine Cu-rich particles. The optimal T6 heat treatment consists of a solutionising phase at 520 °C for
7 h, followed by artificial aging at 170 °C for 10 h. After treatment, the tensile strength reaches 332.21 MPa, and elongation is
11.6 %, indicating robust plasticity with a resilience of 3.851 GPa %. The material also exhibits a friction coefficient of 0.416
and minimal wear of 0.8 mg, signifying substantially enhanced comprehensive mechanical properties.
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Livarska aluminijeva zlitina tipa ADC12 je znana po odli¢nih livnih lastnostih, lahki masi in dobrem recikliranju. Ta zlitina se
pogosto uporablja v avtomobilski industriji, vendar pa se njene mehanske lastnosti §e vedno lahko izbolj$ajo z vplivom na njeno
fazno morfologijo. Redko zemeljski element itrij (Y) in izbira optimalne toplotne obdelave tipa T6 imata pomemben
optimizacijski u¢inek na mehanske lastnostite te vrste Al zlitin. Pri toplotni obdelavi zlitine s postopkom T6 pa je treba celovito
upostevati vpliv temperature, ¢asa zadrZevanja na temperaturi homogenizacije ter temperature in ¢asa umetnega staranja. V tem
¢lanku avtorji predstavljajo Studijo uporabe ortogonalnih preizkusov za doloCitev idealnega postopka toplotne obdelave za
izbrano aluminijevo zlitino tipa ADCI12, modificirano z itrijem. Z globinskim jedkanjem nastale mikrostrukture so avtorji
pregledali pod vrsti¢nim elektronskim mikroskopom na termic¢no emisijo polja (TEF SEM; angl.: thermal field emission scan-
ning electron microscope) in jo anlizirali s tridimenzionalno analizo slike. Fazno mikroanalizo so avtorji izvedli s pomocjo
rentgenskega difraktometra (XRD; angl.: X-ray energy dispersive spectrometer). Avtorji ugotavljajo, da je po toplotni obdelavi
nastala mikrostruktura zlitine precej spremenjena (preciS¢ena), delci elementarne faze Si so se dokaj zmanjSali in postali
okrogli. Poleg tega se je vec€ina faze Al,Cu raztopila v kovinski matrici a-Al in le manjsi deleZ se je ponovno izlocil kot
elementarni Cu. Optimalne lastnosti zlitine so avtorji dobili s toplotno obdelavo T6 pri kateri je potekala homogenizacija zlitine
7 ur pri 520 °C, njej pa je po hitrem ohlajanju sledilo umetno staranje zlitine 10 ur pri 170 °C. Po tej toplotni obdelavi je imela
zlitina natezno trdnost cca 332 MPa in raztezek 11,6 %. To kaZe na robustno plasti¢nost zlitine z modulom odpornosti
3851 GPa %. Material ima tudi koeficient trenja 0,416 in minimalno obrabo 0,8 mg, kar pomeni znatno izboljSane mehanskih
lastnosti v celoti.

Kljucne besede: livarska aluminijeva zlitina vrste ADC12, metamorfizem redkozemeljskega itrija, toplotna obdelava T6,
globinsko jedkanje, mehanske lastnosti, ortogonalna analiza
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1 INTRODUCTION

Al-Si alloys represent the most diverse and versatile
category of cast aluminum alloys,! offering a high
strength-to-weight ratio, excellent corrosion resistance,
superior castability, high productivity, and reduced den-
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sity and shrinkage.>3 Specifically, the ADC12 aluminum
alloy has emerged as an optimal material for manufactur-
ing critical automotive components like engine cylinder
heads, blocks, and pistons due to its exceptional specific
strength, corrosion resistance, as well as thermal and
electrical conductivity. +3 Furthermore, ADC12 alloy’s
recyclability significantly diminishes environmental pol-
lution and energy consumption. ¢ However, the mechani-
cal properties of recycled aluminum alloys are frequently
compromised by the morphology of phases within the al-

529



W. CHEN et al.: MULTIPHASE STRUCTURE AFTER HEAT TREATMENT ENABLES A SUPERIOR STRENGTH-PLASTICITY ...

Table 1: ADCI12 aluminum alloy chemical composition

Element Si Fe Cu Mn

wl% 9.6-12.0 <0.85 1.8-3.5

=<0.95 <0.1 Bal.

loys, particularly the Si matrix and impurity iron phases.
Large or needle-like phases can critically weaken the
matrix, diminishing the strength and ductility of an alloy,
thus restricting its applications.” The matrix Si phase, in-
herently brittle, tends to form rough flake- or needle-like
structures in the as-cast state, exacerbating stress concen-
tration and degrading mechanical properties, particularly
elongation and fracture toughness.®® An excessively im-
pure Fe content fosters the formation of coarse-grained,
Fe-rich intermetallics, including acicular (-AlsFeSi,
which serve as prominent cracking sources.'® Large
acicular Fe phases detrimentally impact the mechanical
properties of cast Al-Si alloys due to the stress concen-
trations at the interfaces between significant hard phases
and the matrix, further instigating initial crack forma
tion.!" Thus, enhancing the mechanical properties of cast
Al-Si alloys necessitates effective strategies to mitigate
or modify these deleterious phases and improve the ma-
trix phases.

A. Jarco et al.’? explored the influence of AlSill (so-
lution treatment and artificial aging) on the mechanical
properties and microstructural alterations of AlSill (Fe)
alloys, finding that the eutectic Si phase partially
spheroidized and solidified after heat treatment, com-
pared to its initial state. C. Rungsinee et al.!* identified
the optimal solid solution treatment conditions for
ADCI12 alloys as 520 °C for 8 h, with artificial aging at
170 °C for 6 h, significantly enhancing mechanical prop-
erties through refinement of the acicular eutectic struc-
ture. The primary, and secondary reinforcing phases in
ADCI2 alloys, the eutectic Si and iron-rich phases, can
be refined by adding rare earth elements to them.'* Li M.
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Figure 1: DSC curve of ADC12 aluminum alloy
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Wang et al.!> demonstrated that the mechanical
properties of ADC12 aluminum alloys improve with the
addition of rare earth elements, particularly yttrium (Y),
which notably refines the grain structure and enhances
high-temperature tensile properties in Al-5 w/%
Cu-based alloys by reducing the volume of eutectic crys-
tals and shortening the crystallization range. However,
the impact of the T6 heat treatment on improving the
mechanical properties of die-cast ADC12 regenerated
aluminum alloy remains limited. Our previous studies
show that with a 0.1-% addition of rare earth Y, the Si
and Fe phases are optimally refined, their detrimental
impact on the matrix is significantly reduced and the
comprehensive mechanical properties improved.'® On
this basis, applying heat treatment is expected to enable a
superior strength-plasticity balance.

2 EXPERIMENT
2.1 Materials

The experiment utilized commercial ADC12 alumi-
num alloy, with its principal components detailed in Ta-
ble 1. Employing an Al-20 w/% Y intermediate alloy, a
0.1 w/% rare-earth modified ADC12 recycled aluminum
alloy was synthesized for the experiment after the con-
tent calculation. The sample designated for heat treat-
ment was produced via centrifugal casting using a small
vacuum high-frequency induction-melting furnace.

2.2 Methods

The experimental heat treatment regimen was de-
signed based on the orthogonal principle.'” This study
aimed to determine the optimal heat treatment process
for enhancing the mechanical properties of rare-earth
Y-metamorphic centrifugal casting of ADC12 aluminum
alloy. An orthogonal array of Lo¢(3*) was employed to
streamline the optimization of the heat treatment param-
eters, detailed in Table 2. While several factors influence
the efficacy of heat treatment, the solid solution tempera-
ture and duration are typically considered crucial, exert-
ing the most pronounced impact. Differential thermal
analysis indicated the lowest phase transition tempera-
ture for the ADCI12 alloy to be 525 °C, as depicted in
Figure 1. To prevent any phase transformations during
the solid solution treatment, a maximum temperature of
520 °C was meticulously selected.

The T6 heat treatment applied to the castings in-
volved a solid solution treatment with a temperature in-
crease rate of 10 °C/min, followed by quenching in
60 °C water for 15 s, and artificial aging in a dry box for
5 min. The optimal heat treatment process, selected

Materiali in tehnologije / Materials and technology 59 (2025) 4, 529-541
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Table 2: T6 heat treatment parameters

Groups Horizontal Solid solution Solid solution Aging temperature Aging time

combination temperature/°C time/h /°C /h
1 AiB,CD; 500 5 160 6
2 AB,CoD, 500 6 170 8
3 AB3C3Ds 500 7 180 10
4 A,BCoDs 510 5 170 10
5 A»B,C3D; 510 6 180 6
6 A;B3CiDy 510 7 160 8
7 A3BC3Dy 520 5 180 8
8 A3B>C D3 520 6 160 10
9 A3B;CoDy 520 7 170 6

based on its superior tensile strength, was employed for
verification experiments. The samples subjected to this
optimal treatment included verification groups, identified
using an analysis of tensile strength extremes.
Metallographic samples were polished and etched us-
ing an erosive agent (HF+HCI+HNOs+H,0). A quantita-
tive analysis of the phase organization within the alloy
was conducted using Image-Pro Plus software. Room
temperature tensile experiments were performed with a
CMT5053 universal testing machine, in accordance with
GBT7314-2017, at a tensile rate of 0.6 mm/min. ZEISS
Vert Al type optical metallographic microscope was
used to observe and analyze the metallographic struc-
tures of the samples. The ZEISS Sigma500 thermal field

emission scanning electron microscope (SEM) was used
to analyze the microstructures of the samples, and an
Oxford Aztec X50Max X-ray energy dispersive spec-
trometer (EDS) was equipped to analyze the contents of
different elements in the samples. A DSC analysis was
performed using a German NETZSCH STA 449 F3 dif-
ferential scanning calorimeter.

3 EXPERIMENTAL RESULTS

3.1 Effect of T6 heat treatment on micro-organization
of Y-modified ADC12 aluminum alloy

Metallographic images (Figures 2a to 2d) illustrate
the microstructural transformations in the Y-modified

(a) (b)

10um 10um
(c) (d)

20um 20um

Figure 2: Metallographic microstructure of Y-phase-modified ADC12 aluminum alloy before and after heat treatment: a), ¢) not heat-treated;

b), d) validation experimental group
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ADC12 aluminum alloy before and after heat treatment.
Initially, the a-Al matrix appears as large, irregular white
regions without a defined outline. After treatment, it
transforms into a supersaturated solid solution with a
clearer and more uniform distribution, and with a notice-
able increase in the area percentage. The large irregular
polygonal dark black structures, representing the incipi-
ent Si phase, nearly vanish after heat treatment. The re-
maining dark-black structures, characteristic of the
eutectic Si phase, initially appear as large flakes and fi-
brous forms with numerous branches and crystalline
grooves, serving as cutting points within the matrix. Af-
ter treatment, these edges are noticeably blunted, appear-
ing spherical or as short rods. The a-Fe phase, character-
ized by a light-gray, kanji-like, herringbone, and
irregular polygonal morphology — commonly identified
as a-Alxs(FeMn);Si, — undergoes minimal morphological
alteration during heat treatment; however, the size is no-
tably reduced, and the edges become blunted. The mor-
phology, size, and distribution of these phase structures
profoundly influence the properties of the alloy, with the
shape, size, and distribution of incipient Si and eutectic
Si, along with the dissolution and precipitation of Al,Cu,
being critical factors affecting the alloy’s characteris
tics.18-20

3.1.1 Effect of heat treatment on the a-Al phase

Figure 3 vividly illustrates the microstructural evolu-
tion of the rare earth Y-modified ADC12 aluminum al-
loy, captured through deep etching before and after heat
treatment. Initially, most of the «-Al matrix appears as
coarse, tree-like dendrites. Following heat treatment, a
significant transformation occurs due to the solid disso-
lution of numerous soluble elements within the ¢-Al ma-
trix, altering its crystal structure. This change results in
parts of the a-Al matrix converting into irregular blocks.
However, remnants of the matrix retain the form of fine
dendritic crystals, highlighting the differential effects of
the heat treatment across the matrix.

3.1.2 Effect of heat treatment on the Si phase

Figure 4 shows secondary electron images of the
eutectic Si phase in the Y-modified ADC12 aluminum
alloy, captured before and after extensive etching and
heat treatment. Before heat treatment, the eutectic Si
phase predominantly appears as lumps and laminae with
highly irregular shapes and pronounced angles. These
formations exhibit a notable cutting effect on the matrix,
significantly impacting the mechanical properties of the
alloy. After heat treatment, the eutectic Si phase under-
goes a substantial transformation into shorter rods; this
change includes a notable reduction in size and a
spheroidization of the edges. The heat-treatment process

it

1004un

Figure 3: Secondary electron images of deeply etched surface of Y-phase-modified ADC12 aluminum alloy before and after heat treatment: a), c)

not heat-treated; b), d) validation experimental group
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Figure 4: Secondary electron images of eutectic Si phase of Y-phase-modified ADC12 aluminum alloy after deep etching before and after heat
treatment: a) not heat-treated; b) validation experimental group

Figure 5: Metallographic microstructure of Y-modified ADC12 aluminum alloy with different heat treatment parameters: a) Group 1; b) Group
2; ¢) Group 3; d) Group 4; e) Group 5; f) Group 6; g) Group 7; h) Group 8; i) Group 9
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thus significantly influences the morphology of the Si
phase, improving the alloy’s structural integrity and po-
tentially enhancing its mechanical performance.

Figure 5 shows the metallographic microstructure of
the Y-modified ADC12 aluminum alloy subjected to var-
ious heat treatment parameters. The eutectic Si experi-
ences dissolution and fracture at certain branches and
grooves, intensified with rising temperatures, leading to
further dissolution of the Si phase into the -Al matrix.
As the solid solution treatment extends to 5 h, the
eutectic Si phase shows signs of dissolution and initial
breakage. After 6 h, this breakage is complete, accompa-
nied by noticeable spheroidization. After 7 h, the eutectic
Si spheroidization is fully achieved, with a visible ten-
dency for growth if the holding time is further pro-
longed. This significant coarsening of the eutectic Si
with extended holding times reduces the alloy’s strength.

During the solid solution treatment, part of the Si
phase dissolves into the -Al matrix, leaving the residual
eutectic Si phase more evenly distributed and markedly
spheroidized, with most precipitated Si particles appear-
ing relatively rounded. A 5-h solid solution treatment re-
sults in uneven Si phase sizes and predominantly elon-
gated rods in groups 1, 4, and 7, indicating that as
eutectic Si dissolution has occurred, spheroidization is
incomplete. After 7 h, the eutectic Si phase in groups 3,
6, and 9 shows varying sizes and some growth, suggest-
ing coarsening under these conditions. The aging treat-
ment at 160 °C for groups 1, 6, and 8 leads to a very un-
even distribution of the Si phase, highlighting a low
degree of homogenization under these conditions.

It is evident from Figure 5 that the parameters of the
solid solution and aging treatments significantly influ-
ence the alloy’s microstructure. With increasing solid so-
lution temperature and duration, the Si phase content in
the samples decreases. However, excessively prolonged
solid solution times can induce growth in the Si phases.
Similarly, as the aging temperature and duration in-
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Figure 6: Si-phase area share, average size, and average aspect ratio
of Y-modified ADC12 aluminum alloy before and after heat treatment
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crease, the reinforcement phase dissolved in the matrix
begins to precipitate, and with the spheroidization of the
Si phase, the reinforcement phase is completed, enhanc-
ing the alloy’s strength and hardness. However, excessive
aging conditions can promote growth in the precipitated
Si particles, potentially diminishing the alloy’s strength.

Figure 6 presents an analysis of the phase area per-
centage, average aspect ratio, and average size of the Si
phase in Y-modified ADC12 aluminum alloy before and
after heat treatment. After heat treatment, the area per-
centage of the Si phase in the sample decreased from
20.48 % to 14.78 %, which is a reduction of 27.83 %.
This confirms that a significant portion of the Si phase
has dissolved into the a-Al matrix, showcasing the effi-
cacy of the solid solution treatment. Additionally, the av-
erage aspect ratio of the Si phase dropped from 3.43 to
2.06, representing a 39.94 % decrease, and indicating
successful spheroidization during heat treatment. The av-
erage size of the Si phase shrank markedly from
24.13 um? to 10.16 um?, which is a reduction of 57.89 %,
highlighting the refining effect of heat treatment.

Figure 7 depicts the size distribution of the Si phase
in the Y-modified ADC12 aluminum alloy before and af-
ter heat treatment. After treatment, most Si phase sizes in
the samples are under 5 pm?, substantially reducing
larger Si phases of over 50 um? and completely eliminat-
ing those over 100 um?. This comparative analysis re-
veals that the significant reduction in the Si phase area
after T6 heat treatment enhances the solid solution satu-
ration of Si in the a-Al matrix, forming a supersaturated
solid solution. During the subsequent aging process,
re-precipitation of the Si phase begins, indicating dy-
namic changes in the microstructure that influence the
alloy’s properties.

3.1.3 Effect of heat treatment on the a-Fe phase

Figure 8 illustrates the changes in the area share, av-
erage size, and average aspect ratio of the a-Fe phase in
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Figure 7: Si-phase size distribution in Y-modified ADC12 aluminum
alloy before and after heat treatment
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Figure 8: Area share, average size, and average length-to-diameter ra-
tio of a-Fe phase in Y-modified ADC12 aluminum alloy before and
after heat treatment

Y-modified ADC12 aluminum alloy before and after heat
treatment. The most notable post-heat-treatment alter-
ation is observed in the average size of the a-Fe phase,
which decreased from 16.48 pm? to 11.7 pm?> -
a 29.00 % reduction compared to pre-heat-treatment
samples. This reduction validates the effectiveness of
heat treatment in refining the a-Fe phase, although its
impact on the phase’s morphology remains limited. This
limited morphological change is likely due to the incor-
poration of rare earth Y, which shortens the alloy’s solid-
ification time, enhances the nucleation rate, and conse-

(a) Element | Weight% | Atomic% [ ESSIETRI
46.87 62.32
12.39 15.82
Fe 4.52 2.90

26.93 15.21
9.28 3.75

-

<)

quently refines the size of the iron-rich phase. Addition-
ally, the chosen solid-solution temperature, being lower
than the melting temperature of the a-Fe phase,?! and the
substantial atomic size difference between Fe and Al
hinder the dissolution of the iron-rich phase into the ma-
trix. In the absence of external energy input, and despite
prolonged holding times, the bonding between Fe atoms
and their surrounding constituents remains largely unaf-
fected.

3.1.4 Effect of heat treatment on the Al,Cu phase

Figure 9 shows secondary electron images of the al-
loy before and after heat treatment, revealing a transfor-
mation in the Si phase from flaky and striped forms to
short rods and spheres according to the energy spectrum
analysis. The brighter regions in these images represent
the Al,Cu phase. After solid-solution treatment, most of
the Al,Cu phase is dissolved into the a-Al matrix, mak-
ing it virtually invisible on the alloy’s surface. A deeply
etched alloy sample is utilized to facilitate this observa-
tion.

Figure 10a shows a secondary electron image of the
alloy prior to heat treatment, where the ALLCu phase ap-
pears as spherical precipitates attached to the «-Fe
phase. Figure 10b includes a post-heat-treatment image,
showing tiny white dots associated with the eutectic Si
phase; these dots represent Cu precipitates formed dur-
ing heat treatment. As most of the ALLCu phase dissolves
in the a-Al matrix during heat treatment, and only a mi-
nor portion of Cu atoms precipitate, both the size and oc-
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Figure 9: Secondary electron images of Y-modified ADC12 aluminum alloy before and after heat treatment: a) without heat treatment; b) valida-

tion experimental group
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Figure 10: Deeply etched secondary electron images of the Cu phase of Y-modified ADC12 aluminum alloy before and after heat treatment: a)

without heat treatment; b) validation experimental group
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Figure 11: Area fraction of the Cu phase in Y-modified ADC12 alu-
minum alloy before and after heat treatment

currence frequency of the Cu phase are significantly di-
minished.
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Figure 11 illustrated the measurement of the Cu
phase area, further underscoring these transformations,
showing a reduction from 0.35048 to 0.00961 % after
heat treatment — a 97.26-% decrease compared to the
pre-heat treatment sample. This dramatic reduction cor-
roborates the effectiveness of the solid solution treatment
in dissolving the Al,Cu phase, confirming its significant
impact on the alloy’s microstructure.

3.2 Effect of T6 heat treatment on the mechanical
properties of Y-modified ADC12 aluminum alloy

3.2.1 Tensile properties

Figure 12 displays the tensile strength, elongation,
and strength-plasticity product of the ADC12 alloy sub-
jected to various T6 heat treatment processes. The data
reveal that the tensile strength of the orthogonal valida-
tion group surpasses that of all other orthogonal test
groups, affirming the validity of this experimental de-
sign.

Materiali in tehnologije / Materials and technology 59 (2025) 4, 529-541
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Figure 12: Tensile strength, elongation, and a high strength-plasticity product of ADC12 alloy under different T6 heat treatment processes

Table 3: Analysis of extreme differences in tensile strength during T6 heat treatment

Groups Horizontal com- | Solid solution Solid solution | Aging tempera- Aging time/h Tensile
bination temperature/°C time/h ture/°C strength/MPa
1 AB,C\D, 500 5 160 6 290.95
2 A1B,CoDy 500 6 170 8 312.54
3 AB3C3D3 500 7 180 10 323.12
4 AsB1CyDs 510 5 170 10 310.71
5 AsB,C3D, 510 6 180 6 317.99
6 AsB3C Dy 510 7 160 8 323.45
7 A3B,C3Dy 520 5 180 8 298.46
8 A3B,C D3 520 6 160 10 328.83
9 A3B3CoD, 520 7 170 6 327.63
k1l 926.61 900.12 943.23 936.57
k2 952.15 959.36 950.88 934.45
k3 954.92 974.20 939.57 962.66
K1 308.87 300.04 314.41 312.19
K2 317.38 319.79 316.96 311.48
K3 318.31 324.73 313.19 320.89
R 9.44 24.69 3.77 9.40

Specifically, compared to the non-heat-treated sam-
ple, the tensile strength significantly increased from
186.39 MPa to 332.21 MPa, marking a 78.23 % im-
provement over the pre-heat-treatment sample; the elon-
gation also rose from 7.50 to 11.60 %, which was a
54.67 % increase relative to the pre-heat-treatment sam-
ple. Furthermore, the product of strength and plasticity
showed a remarkable enhancement, escalating from
1.398 GPa % to 3.851 GPa %, which was an increase of
175.46 %. This substantial rise reflects the optimal bal-
ance between strength and plasticity achieved through
the heat treatment process, showcasing the effectiveness
of the T6 treatment in enhancing both mechanical prop-
erties of the ADC12 alloy.

Table 3 outlines the impact of various T6 heat treat-
ment factors on the tensile strength of the alloy, ranking

Materiali in tehnologije / Materials and technology 59 (2025) 4, 529-541

their influence as follows: solid solution time>solid solu-
tion temperature>artificial aging time>artificial aging
temperature. The optimal heat treatment conditions,
identified through orthogonal testing and subsequent cal-
culations to maximize tensile strength, include a solid
solution temperature of 520 °C, solid solution time of 7
h, artificial aging temperature of 170 °C, and aging time
of 10 h. These parameters closely align with the process
that maximizes the degree of solid solution of the Si
phase, suggesting that the extent of Si phase dissolution
and homogenization significantly influences the mechan-
ical properties of the alloy.

As can be seen from Table 4, the influence of the
four T6 heat treatment parameters on elongation follows
the order: solid solution time > solid solution tempera-
ture > artificial aging time > artificial aging temperature.
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Table 4: Analysis of extreme differences in elongation during T6 heat treatment

Groups Horizontal Solid solution Solid solution Aging Aging time Elongation
combination temperature/°C time/h temperature/°C /h 1%

1 AB,C\D, 500 5 160 6 11.18
2 A1B,CoDy 500 6 170 8 10.70
3 AB3C3D3 500 7 180 10 11.65
4 AsBCoDs 510 5 170 10 9.14
5 AsB>C3Dy 510 6 180 6 10.25
6 A,B3C Dy 510 7 160 8 9.84
7 A3;BC3Ds 520 5 180 8 8.16
8 A3B,C D3 520 6 160 10 9.82
9 A3B3CoD, 520 7 170 6 11.34
k1 33.52 28.48 30.84 32.77

k2 29.23 30.76 31.18 28.70

k3 29.32 32.83 30.06 30.60

K1 11.17 9.49 10.28 10.92

K2 9.74 10.25 10.39 9.57

K3 9.77 10.94 10.02 10.20

R 1.40 1.45 0.37 1.36

This ranking is consistent with the corresponding influ-
ence hierarchy for tensile strength. The orthogonal test
and the above calculations show that the heat treatment
parameters used to obtain the best elongation rate in-
clude a solid solution temperature of 500 °C, solid solu-
tion time of 7 h, artificial aging temperature of 170 °C,
and aging time of 6 h.

Figure 13 illustrates the fracture morphology of the
Y-modified ADC12 aluminum alloy before and after heat
treatment. Prior to treatment, the fracture surface pre-
dominantly exhibits a decohesive fracture mode, with
crack propagation along the grain boundaries of varying
orientations. The fracture surface is characterized by
decohesive regions interspersed with microcracks and
sporadic tearing ridges, indicating a brittle, intergranular
fracture along grain boundaries. Conversely, the opti-
mized post-treatment fracture surface displays an abun-
dance of dimples and a few decohesive regions, indicat-
ing a shift from a brittle transgranular fracture mode to a
mixed tough-brittle fracture mechanism.

3.2.2 Frictional wear

Figure 14 provides insights into the wear volume and
friction coefficient of Y-modified ADC12 aluminum al-
loy before and after heat treatment. The data indicate that
both the wear volume and friction coefficient experi-
enced a post-treatment reduction, with the wear volume
decreasing by 68.46 % and the friction coefficient by
4.80 %, compared to the pre-treatment values. This sig-
nificant reduction demonstrates that the heat treatment
notably enhances the wear resistance of the material.
This improvement is likely due to the microstructural
changes induced by the heat treatment, which typically
include refinement and homogenization of phases within
the alloy, contributing to its increased durability against
wear and reduced friction in practical applications.

3.3 Results and discussion

During the solid solution treatment, the incipient Si
dissolves extensively and spheroidizes. Although this

=
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Figure 13: Fracture morphology of Y-modified ADC12 aluminum alloy before and after heat treatment: a) without heat treatment; b) validation

experimental group
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Figure 14: a) Friction curve of Y-modified ADC12 aluminum alloy before and after heat treatment; b) wear and friction coefficient of Y-modified

ADCI2 aluminum alloy before and after heat treatment

process is conducive to enhancing the alloy’s strength, its
impact is limited due to the minimal amount of incipient
Si. Due to T6 heat treatment, the morphology of the
eutectic Si phase undergoes significant transformations,
including passivation, dissolution, spheroidization, and
coarsening. These changes minimize the cutting effect of
eutectic Si on the matrix, substantially improving the al-
loy’s overall mechanical properties.?>? The eutectic Si,
characterized by a higher content and denser distribution,
markedly influences the alloy properties during the solid
solution process. The coarse, flaky, and dendritic eutectic
Si in the as-cast alloy, which cuts into the matrix, tends
to generate stress concentrations at its sharp corners un-
der load. However, the dissolution and spheroidization of
eutectic Si during the solid solution process mitigate this
cutting and reduce stress concentrations, thereby enhanc-
ing the alloy’s strength. This morphological evolution of
the Si phase improves the mechanical interaction be-
tween the hard particulate Si phase and the a-Al ma
trix.>* Consequently, more complete and uniformly dis-
tributed eutectic Si spheroidization correlates with sig-
nificant enhancements in mechanical properties. Solid
solution treatment alters the eutectic Si phase, transform-
ing elongated, fibrous structures into shorter rods or
spheres. This optimization in morphology includes more
rounded, smoother edges and contours, with a fine and
homogeneous distribution of these particles along the
grain boundaries. However, prolonged solid solution
times can lead to coarsening of the eutectic Si phase.
The activation energy required for mutual diffusion
between Si atoms and the a-Almatrix is considerably
lower than that required along the Si interface** sug-
gesting that mutual diffusion is the most probable mech-
anism for atomic migration in these materials. The rela-
tionship between the solid solution time and the size of
Si atoms can be expressed with the following equation 27
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dRIAT = -Q[DIR, + (DInt)1/2]

Here, Q is approximately the degree of supersatur-
ation; D is the diffusion coefficient; Ry is the initial size
of Si atoms; and t is the time of solid solution treatment.
Generally speaking, the die-cast ADC12 aluminum alloy
initially exhibits a lamellar Si phase. Upon modification
with rare earth element Y, the morphology of the Si
phase transforms into fibrous or elongated structures.
During heat treatment, the Si phase undergoes melting
and spheroidization. Owing to the growth process occur-
ring far from equilibrium, the alloy features intra-
crystalline twinning defects characterized by higher den-
sity and more branches, exhibiting a higher energy state.
This condition facilitates the transformation of the Si
phase into a crushable, fiber-like structure without melt-
ing, indicating a decrease in the initial size of Si atoms
(R, value) and an increase in the dR/dT value, thereby re-
ducing the solid solution treatment time. Given that the
raw material for this experiment is ADC12 aluminum al-
loy, modified with rare earth Y via centrifugal casting,
the original Si phase is already refined, necessitating a
shorter solid solution treatment time compared to the pa-
rameters reported by C. Rungsinee et al.'?

The objective of solid solution treatment is to en-
hance the plasticity and machinability of the alloy by
dissolving unstable phases and dispersing them into the
matrix. During this treatment, aluminum and copper at-
oms are rearranged to form AI2Cu, which dissolves into
the aluminum matrix, impacting the mechanical proper-
ties. The solid solution treatment increases the rate and
concentration of the Al,Cu phase in the a-Al matrix, re-
sulting in solid solution strengthening. However, it also
eliminates segregation formed during non-equilibrium
crystallization via diffusion. This homogenization im-
proves the mechanical properties significantly.?$2° The
dissolution of Al,Cu at grain boundaries in the as-cast
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structure not only enhances interfacial strength but also
allows for the precipitation of fine and dispersed Cu-con-
taining particles during artificial aging, reinforcing the
alloy matrix. The more complete the dissolution of
AL Cu, the greater the strength of the alloy after heat
treatment.

Following solid solution and artificial aging treat-
ments, dispersed and small reinforcing phases precipitate
within the alloy matrix, enhancing hardness and mechan-
ical properties. During solid solution, both the Si and
Al,Cu phases dissolve to form a supersaturated solution,
which decomposes during aging so that small, dispersed
eutectic Si and Al-Cu intermediate phases precipitate,
significantly strengthening the alloy’s matrix. Compared
to the ALL,Cu phase, the solid solubility of the Si phase is
more restricted, likely due to the high silicon content in
the alloy, which quickly reaches saturation at solid solu-
tion temperatures, slowing down the treatment process.
The introduction of electromagnetic stirring®® or a
pre-deformation process®' before heat treatment can re-
duce the Si phase size, elevate the solid solubility limit
of the alloy, and further optimize mechanical properties.

4 CONCLUSIONS

(1) T6 heat treatment markedly enhances the micro-
structure and mechanical properties of Y-modified
ADCI12 recycled-aluminum alloy. Following the treat-
ment, the dendritic «-Al phase nearly vanishes,
transitioning into a more uniform distribution. Concur-
rently, the eutectic Si phase undergoes spheroidization,
its size notably diminishes, and the -Fe phase also de-
creases in size. With the optimal T6 heat treatment, sig-
nificant reductions are observed: the area ratio of the
eutectic Si phase decreases by 27.83 %, its average size
by 57.89 %, and its average aspect ratio by 39.94 %. Ad-
ditionally, the area ratio of the AL,Cu phase drops by
97.26 %, underscoring the substantial impact of heat
treatment on the solid solution of the eutectic Si and
AlCu phases. Furthermore, the average size of the a-Fe
phase shrinks by 29 %, highlighting a remarkable refine-
ment effect.

(2) The optimal T6 heat treatment parameters include
a solid solution temperature of 520 °C for 7 h and artifi-
cial aging at 170 °C for 10 h. This treatment leads to sig-
nificant improvements in the alloy’s mechanical proper-
ties. The tensile strength increases from 186.39 MPa to
332.21 MPa, a 78.23 % rise; elongation increases from
75 % to 11.6 %, a 54.67 % increase; and the
strength-to-plasticity ratio escalates from 1.398 GPa %
to 3.851 GPa %, an increase of 175.46 %. Additionally,
the coefficient of friction decreases by 4.80 %, and the
wear is reduced by 68.46 %. The fracture mode transi-
tions from brittle transgranular to mixed tough-brittle
fracture, indicating a substantial improvement in the
comprehensive mechanical properties of the alloy.
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