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a b s t r a c t

In this study, the effects of melt-holding temperatures on the mechanical properties and T5 age-hardening 
behavior of Al-Si-Cu-Mg alloys were investigated. An enhanced yield strength, tensile strength, and elon-
gation were observed simultaneously as the melt-holding temperature was increased from 720 °C to 820 °C. 
The enhanced mechanical property of the T5-treated Al-Si-Cu-Mg alloy with high melt-holding tempera-
ture was attributed to several microstructural changes, including a refinement of the microstructure and an 
acceleration of the precipitation kinetics caused by enhanced second-phase dissolution. The high melt- 
holding temperature was particularly effective in changing the precipitation kinetics. This was demon-
strated by the formation of a single peak upon homogenization of the solute distribution, replacing the 
double hardness peaks found in the Al-Si-Cu-Mg alloy with a low melt-holding temperature. The homo-
geneous solute distribution not only increased the number of Si- and β-type precipitates in the alloy with a 
high melt-holding temperature but also refined their size. In addition, the high melt-holding temperature 
accelerated the segregation behavior of Cu on the Si precipitates, which is critical for the refinement of 
precipitates.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http:// 

creativecommons.org/licenses/by/4.0/).

1. Introduction

The Al-Si-Cu-Mg alloy system, which is suitable for heat treat-
ment, is a representative high-strength casting alloy used for auto-
mobile parts. However, the conventional T6 heat treatment of Al-Si- 
Cu-Mg alloys, which consists of solution treatment and artificial 
aging, has recently encountered new challenges. Modern automotive 
components are becoming larger, thinner, and more complex, and 
require minimal exposure to high temperatures owing to distortion 
during quenching after solution heat treatment [1,2]. In addition, the 
environmental regulations on CO2 emissions restrict high energy 
consumption. Therefore, T5 treatment has received considerable 
attention from the automobile industry because it does not involve 
solution heat treatment, thus solving both the distortion of auto-
mobile parts and environmental problems [3,4]. However, the in-
ferior mechanical properties of T5-treated Al-Si-Cu-Mg alloys are a 

major concern, hindering their application in the automotive in-
dustry.

Although thermodynamic simulations and phase-field models 
have successfully predicted microstructures [5–7], experimental 
approaches remain popular as they enhance the mechanical prop-
erties of T5-treated Al-Si-Cu-Mg alloys by allowing effective control 
of inclusions and precipitates [8]. Hard inclusions, such as Si, Q- 
Al5Cu2Mg8Si6, θ-Al2Cu, and β-Mg2Si, are formed during the solidifi-
cation of Al-Si-Cu-Mg alloys. The eutectic β-Mg2Si phase exhibits 
excellent mechanical properties at room temperature [9]. However, 
many studies have shown that when the amount of Mg increases, 
the interaction with Fe, an impurity in Al alloys, forms a brittle π- 
Al8Mg3FeSi6 phase that leads to inferior mechanical properties [10]. 
The Cu element in the Al-Si-Cu-Mg alloy contributes to the me-
chanical properties by forming Q-Al5Cu2Mg8Si6 and θ-Al2Cu phases 
[11,12]. However, when the Q phase is present in excess, the me-
chanical properties of the alloy are degraded due to coarsening and 
segregation. Several reports also claim that the excessive addition of 
Cu leads to the generation of pores and the degradation of me-
chanical properties by hindering the feeding of Cu-rich phases 
during solidification [13].
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Al-Si-Cu-Mg alloys can be strengthened by the following pre-
cipitation process after T6 heat treatment [14,15]:

SSSS clusters GP zones , L, C, QP, QC ', Q' Q

Precipitates at peak hardness during artificial aging of the Al-7Si- 
1.0Cu-0.5Mg alloy are known as β″and Q′ [11] or β″, Q′ and L pre-
cipitates [15]. A similar precipitation behavior is expected when the 
alloy is T5-heat-treated. However, the T5 treatment does not include 
a solid-solution heat treatment. Consequently, precipitation hard-
ening is less likely to occur than with the T6 treatment as a higher 
number of inclusions remain in the matrix upon T5 treatment.

Therefore, the key to enhancing the mechanical properties of T5- 
treated Al-Si-Cu-Mg alloys is to dissolve the inclusions as much as 
possible in the as-cast state. Melt treatment (the control of melting) 
and solidification are methods commonly used to control the mi-
crostructure of as-cast alloys. In this context, several processes have 
been reported, including solidification rate [16], the use of an ul-
trasonic treatment [17,18], the use of inoculation [19,20], the addi-
tion of alloying elements [21], melting temperature [22], and the 
mixing of melts with different temperatures [23].

Of these processes, controlling the melt-holding temperature has 
the potential to simultaneously improve the strength and ductility of 
T5-treated Al-Si-Cu-Mg alloys [24–28]. Whereas some researchers 
have reported that high melting temperatures increase the grain size 
by reducing the number of nucleation sites [29], others have shown 
that they refine the shape of the Si phase from an irregular to an 
octahedral shape in hypereutectic alloys [30]. In addition, the mi-
crostructure becomes less sensitive to changes in the solidification 
rate, and therefore more controllable [31]. These results correspond 
with recent results that have shown the refinement of Mg2Si from a 
skeleton to a polygonal shape with a reduction in size at a high 
melting temperature of 950 °C [27]. The most interesting finding of 
the studies that used superheating is that both strength and elon-
gation can be enhanced by holding the melt at a high temperature 
for a relatively short time, and then cooling it to the pouring tem-
perature of commercial Al alloys [32] The reason for the superior 
mechanical properties of melt-treated Al alloys is that Si–Si clusters 
dissolve better with increasing melt-holding temperatures [26]. The 
effect was particularly pronounced at the melting temperature of 
>  800 °C, where the atomic density and coordination number of Al 
alloys rapidly decrease. The above investigations suggest that dis-
solved solutes from clusters in a high-temperature melt can be 
maintained even if the melt temperature is decreased to the pouring 
temperature of commercial alloys. This means that T5-treated Al-Si- 
Cu-Mg alloys, which have inhomogeneous solute distributions 
owing to the absence of a solid-solution treatment, can be refined by 
temporarily holding the melt at high temperatures, thereby con-
trolling the secondary phases and precipitates.

As stated above, high melt-holding temperature are expected to 
have positive effects in the T5 treatment. However, research on the 
effects of changing melt-holding temperatures in the T5 treatment is 
insufficient because previous studies have focused on the mor-
phology and size distribution of the constituent phase particles ra-
ther than on the matrix. Therefore, this study mainly investigated 
the effects of melt treatment (melt-holding temperature) on T5- 
treated Al-Si-Cu-Mg alloys by analyzing their solute distribution and 
precipitation behavior.

2. Experimental

The Al-7Si-1Cu-0.5Mg alloys were prepared by melting 10 kg of 
commercial A356.2 alloy, pure Cu, and a master alloy of Al-15 wt% 
Mn and Al-10 wt% Sr. The alloy compositions are listed in Table 1. 
The alloys were melted and held at 720 °C (MT720) and 820 °C 
(MT820) for 1 h each in an electric resistance furnace. The melt- 
holding temperature of MT820 was then decreased to 720 °C, while 
that of MT720 was kept at 720 °C. Both melts were degassed with 
high-purity Ar gas, stabilized for 15 min, and then poured into a Cu 
book mold preheated to 180 °C. Thus, the cast samples were initially 
mold-cooled. Upon reaching 380 °C, the cast samples were removed 
from the mold and immediately water-quenched. Finally, the alloys 
were artificially aged at 190 °C (T5) for 16 h. The overall casting and 
heat-treatment process is represented in Fig. 1.

To evaluate the mechanical properties, the hardness of the spe-
cimens was measured at seven time points during the aging treat-
ment, using a Vickers hardness tester. The hardness was measured 
under a load of 0.01 kgf and at a reduction time of 10 s, and the ar-
ithmetic average was calculated over five values (excluding the 
maximum and minimum values). The room-temperature tensile test 
was performed three times at a strain rate of ×1 10 3 using rod- 
shaped ASTM-E8M sub-sized specimens to measure the yield 
strength (YS; 0.2% offset), tensile strength (TS), and elongation.

For microstructural characterization, the specimens were me-
chanically polished, and their macroscopic microstructures were 
analyzed using optical microscopy (OM), scanning electron micro-
scopy (SEM), electron probe microanalysis (EPMA), and electron 
backscatter diffraction (EBSD). For the quantitative analysis of the 
phase distribution, OM and SEM images were analyzed using the I- 
Solution DT image analysis program to measure the fraction of each 
phase. The solute distribution within the matrix was measured by 
line-profile analysis of the EPMA, and the grain size was measured 
using the TSL-OIM software with EBSD data. To analyze the fine 
precipitates, specimens were prepared for transmission electron 
microscopy (TEM) using a focused ion beam (FIB). The specimens 
were observed using TEM accelerated at 200 kV along the [100]Al 

zone axis.

3. Results

3.1. As-cast microstructure

Fig. 2 shows the as-cast microstructure of the Al-Si-Cu-Mg alloy 
at different melt-holding temperatures. Typical dendritic α-Al and 
fibrous eutectic Si, caused by the addition of Sr, were observed in 
both MT720 and MT820. Whereas the eutectic area in MT720 ap-
pears predominantly course, a relative homogeneous eutectic 
structure was formed in MT820 (Fig. 2a and b). Fig. 2c and d show 
that the individual particles in the eutectic structure are much finer, 
whereas an increased secondary dendrite arm spacing (SDAS) is seen 

Table 1 
Chemical composition of Al-Si-Cu-Mg alloy. 

Elements Si Cu Mg Fe Mn Sr Al

(wt%) 7.17 1.15 0.50 0.12 0.18 100 ppm Bal.

Fig. 1. Schematic of the T5 histories of MT720 and MT820. 
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at a high melt-holding temperature. The SDAS increased slightly 
from 30.8 µm to 36.7 µm with an increase in melting temperatures 
from 720 °C to 820 °C, whereas the average size of eutectic Si de-
creased from 1.85 µm to 1.00 µm. Lastly, inverse pole figure (IPF) 
maps of the two different specimens represent measurements of 
average grain sizes of 111.9 and 102.4 µm for MT720 and MT820, 
respectively. These results indicate that a high melt-holding tem-
perature is effective in refining the grain size and eutectic structure.

Fig. 3 shows the phase analysis of the secondary phases of each 
alloy. Based on the phase analysis by OM and the backscatter dif-
fraction (BSE) images (Fig. 3a and b), image analysis was conducted 
to measure the phase amount (Fig. 3c and d). Fig. 3e and f show the 
second-phase distributions of the alloys. The amounts of the Q, π, 
and Al2Cu phases decrease when the melt-holding temperature is 
high, while those of the α-FeMn and Mg2Si phases slightly increase. 
However, Fig. 3e indicates that the overall amount of the second 
phase decreased slightly when the melt-holding temperature was 

Fig. 2. (a-d) OM images and (e-f) IPF maps of the as-cast MT720 and MT820. The red circles in (a) indicate agglomerated eutectic structures. 
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Fig. 3. (a-b) OM and SEM images representing the second-phase distribution; image processing to measure the phase fractions of (c) MT720 and (d) MT820; and the measured 
phase fractions according to the (e) phase type and (f) elements of the as-cast MT720 and MT820.

Fig. 4. EPMA line analysis of the solute distributions of (a) Si, (b) Mg, and (c) Cu in the Al matrix. 
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high. The decreased amounts of secondary phases containing Si, Cu, 
and Mg (Fig. 3f) imply that a high melt-holding temperature is ef-
fective in dissolving the secondary phases of Al-Si-Cu-Mg alloys, 
regardless of the secondary phase type.

The EPMA results in Fig. 4 show the solute concentration profiles 
of Si, Mg, and Cu in the Al matrix according to the solid fraction. The 
concentration profiles were measured by line-scanning electron 
probe microanalysis (EPMA) in the Al matrix of 10 dendritic cells. 
When the partition coefficients of Mg, Si, and Cu were less than 1, 
the solute concentrations increased with the solid fraction. The so-
lute contents of Mg, Si, and Cu were higher in MT820 than in MT720, 
indicating that more solute is generated in the as-cast state when 
the melt is held at high temperatures.

3.2. Precipitation behavior

Fig. 5a and b show the T5-aging curves at 190 °C and the me-
chanical properties of the two melt-treated Al-Si-Cu-Mg alloys, 
MT720 and MT820. Fig. 5a shows that the higher melt-holding 
temperature increased the hardness in the entire aging history, with 
the peak hardness for MT720 and MT820 measured as 85.8 and 88.4 
HV, respectively. However, the time required for peak aging was 
slightly shorter when the melt-holding temperature was low, taking 
only 1 h for MT720 and 2 h for MT820. A double-hardness peak is 
shown for MT720, with the first peak at 1 h with a hardness of 85.8 
HV and the second peak at an aging time ranging from 4 h to 6 h 
with a hardness of 82.6 HV. Fig. 5b represents the tensile properties 
of the peak-aged MT720 and MT820, showing that a higher melt- 
holding temperature resulted in an increased YS, ultimate TS (UTS), 
and elongation. Tensile properties of 191.2 and 198.3 MPa (YS), 240.3 
and 253.8 MPa (UTS), and 1.9% and 3.8% (elongation) were measured 
for MT720 and MT820, respectively.

The electrical conductivities of the alloys were used to interpret 
the precipitation kinetics based on the Avrami model. Since elec-
trical conductivities typically decrease with the formation of atomic 
clusters and/or GP-zones while increasing with precipitation, they 
can be used to characterize precipitation kinetics [33,34]. The 
measured electrical conductivities of MT720 and MT820 (Fig. 6a) 
show an increase with increasing melt-holding temperature, re-
gardless of the aging time. The electrical conductivities were used to 
calculate the fraction of transformed precipitate at a given time (t) 
using the following equation [35,36]:

=f(t)

1 1

1 1
0 t

0 max (1) 

where f(t) is the transformed fraction of the precipitate, σ0 is the 
initial electrical conductivity, σt is the electrical conductivity at time 
t, and σmax is the maximum electrical conductivity at the end of 
precipitation. Σmax was assumed to be among the values measured in 
this study. The transformed fraction of the precipitate was described 
using the Avrami equation:

=F(t) 1 exp( kt )n (2) 

= +ln( ln(1 f(t))) ln(k) nln(t) (3) 

where k and n are Avrami coefficients. Fig. 6b shows the Avrami plots 
for MT720 and MT820. Two precipitation stages, i.e., clustering and 
nucleation, were observed within the measured aging time ranges. 
The aging times of the conversion from clustering to nucleation were 
similar in MT720 ( =n 0.72) and MT820 ( =n 0.85). Whereas the 
fraction of transformed precipitates was slightly higher in MT720 
early in the T5 treatment, MT820 showed a higher fraction of pre-
cipitates as the aging time increased. Moreover, the increased pre-
cipitation rate resulting from the high melting temperature was 
more prominent in the nucleation stage than in the clustering stage. 
The results of the precipitation kinetics indicate that precipitation is 
strongly favored by a higher melt-holding temperature.

Fig. 7 shows the bright-field (BF) TEM images of the peak-aged 
MT720 and MT820, obtained along the [100]Al zone axis. Fig. 7a and 
b display two types of precipitates: a gray needle-type β′ or β″ pre-
cipitate elongated into the [100] direction and a black rod-type Si 
precipitate. Table 2 presents the size and number density distribu-
tions for the precipitates, measured on the basis of the TEM images. 
MT820 yielded more and much finer precipitates than MT720, de-
monstrating that a high melt-holding temperature was effective in 
refining the precipitates while increasing their total amounts.

To analyze the precipitates in detail, atomic-scale high-angle 
annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) images were obtained (Fig. 8). The overview image of 
HAADF-STEM in Fig. 8a shows that many precipitates of Si- and β- 
type phases have an atomic layer. The Si precipitate was observed to 
have the following orientation relationship with a coherent interface 
with the Al matrix: Si[110] // Al[001], with a size distribution ranging 
from 5 nm to 30 nm [37]. The Β′′ precipitate, which has a β′′[100] // 
Al[100] orientation relationship, shows size ranges from 2 nm to 
5 nm in radius and from 50 nm to 100 nm in length. Interestingly, 
most of the Si- and β-type precipitates had fine atomic layers with a 
high Z-contrast at the matrix interface. In addition, a Q′ precipitate 
containing a hexagonal network of Cu was detected, although the 
number density was too low to interpret the role of Cu. Energy- 
dispersive spectroscopy (EDS) indicated the presence of Cu. More 

Fig. 5. (a) Hardness curves and (b) tensile properties of the T5-treated MT720 and MT820. 
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specifically, the EDS maps in Fig. 9 show a fine atomic layer with a 
high Z-contrast at the interface, composed of Cu and Mg. The co- 
segregation of Cu and Mg at the interface of the Si precipitate sug-
gests that Cu predominantly exists as a segregated layer at the in-
terface of the β-type precipitate rather than generating Q′ precipitate 
when the Si precipitate expels Mg content from β-type precipitates.

4. Discussion

4.1. Factors contributing to Al-Si-Cu-Mg alloys strength

Considering the trend of reducing the number of automobile 
parts, this study showed that the T5 treatment can be applied for 
commercial use by controlling the melt treatment. The results of this 
study also suggested that the strength and elongation of T5-treated 
Al-Si-Cu-Mg alloys can be simultaneously enhanced by temporarily 
maintaining the melt at high temperatures [32]. Several factors af-
fect the mechanical properties of melt-treated Al-Si-Cu-Mg alloys, 
including the SDAS, grain size, eutectic Si, and precipitation hard-
ening. The following YS model represents the strength of a metallic 
material [38]:

= + + + +d p gb s0 (4) 

where σd (10 MPa) is the Peierls–Nabarro stress [39], σd is the dis-
location strengthening, σp is the precipitation strengthening, σgb is 
the grain boundary strengthening, and σs is the solid solution 
strengthening. Among the factors affecting overall strength, σgb and 
σp can be regarded as the main strengthening factors for the T5 peak- 
aged MT720 and MT820.

The contribution of grain refinement and SDAS variation to the 
strength is represented by the following Hall–Petch equation:

= k dgb hp
0.5 (5) 

where khp (0.068 MPa·m1/2) is the Hall–Petch constant [38] and d is 
the crystallite size determined by the grain boundary and SDAS. The 
differences in YS caused by variations in SDAS and grain size were 
− 1.2 and 0.35 MPa for MT720 and MT820, respectively. Therefore, 
the strength variation due to the change in grain size caused by the 
melt treatment was insignificant to the mechanical properties of the 
Al-Si-Cu-Mg alloy.

The strengths of the T5 peak-aged MT720 and MT820 with na-
noprecipitate structures were dominated by the dislocation–by-
passing mechanism. The contribution of the precipitate to the 
strengths of MT720 and MT820 is represented by the Orowan–Ashby 
equation [40], as follows:

= Gb
L

r
b

0.13
lnp (6) 

Fig. 6. (a) Electrical conductivity and (b) Avrami plots for precipitation kinetics of T5-treated MT720 and MT820. The numbers displayed in (b) indicate slopes. 

Fig. 7. TEM micrographs of (a) MT720 and (b) MT820 obtained along the [100]Al zone axis. 
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where G (26.9GPa) is the shear modulus of Al [41], b (0.29nm) is the 
Burgers vector, r is the average radius of the precipitate, and L is the 
average spacing between precipitates. L is represented by Eq. 
(7) [42]:

=
f

rL
2

,
1/2

(7) 

where f is the volume fraction of the precipitate. Using Eq. (6) and 
the size and number density of Si and β-type precipitates re-
presented in Table 2, the contributions of the precipitates on the 
strength were calculated as =p

Si 24.1 MPa and =p
type 42.9 MPa for 

MT720, and =p
Si 32.0 MPa and =p

type 47.2 MPa for MT820. A 
strength of 12.2 MPa can therefore be attributed to the precipitate, 
which increased with a change in melt-holding temperature from 
720 ℃ to 820 ℃. This result shows that strengthening by precipita-
tion is more dominant than strengthening by grain boundaries in T5- 
treated Al-Si-Cu-Mg alloys. Moreover, Eq. (6) was used to demon-
strate that the superior strength of MT820 enhanced the precipita-
tion of both Si- and β-type precipitates.

4.2. Effect of the melt treatment on precipitation behavior

Solute analysis also suggests that precipitation significantly 
contributes to the mechanical properties of T5-treated Al-Si-Cu-Mg 
alloys with melt treatment, such as T6 treatment. The decreased 
number of secondary phases in MT820 (Fig. 3e and f) and the in-
crease in solute content measured by EPMA (Fig. 4) indicate that 
temporarily holding the melt at high temperatures is effective in 
dissociating the secondary phases in the melt of the Al-Si-Cu-Mg 
alloys. This result corresponds to the high number density of the 

precipitate (Fig. 7c) and the precipitation kinetics in the T5-treated 
MT820. Therefore, the significant change in the age-hardening re-
sponse of the T5 treatment in MT820 was attributed to the large 

Table 2 
Size (diameter) and number density of precipitates in T5 peak-aged MT720 and MT820. 

Precipitates Size Number density

MT720 MT820 MT720 MT820

Si 11.1 ± 1.7 nm 9.2 ± 1.5 nm ×1.3 10 nm4 2 ×2.6 10 nm4 2

β″ or β′ 44.4 ± 15.8 nm 37.2 ± 10.5 nm ×1.9 10 nm4 2 ×2.5 10 nm4 2

Fig. 8. (a) Overview image of HAADF-STEM and (b-e) magnified images representing the nanostructure of the precipitates in MT820. All TEM images were obtained along the 
[100]Al zone axis.

Fig. 9. EDS maps representing the co-segregation of Mg and Cu on the Si precipitate. 
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dissolution of dispersion that occurred during the melt-holding 
process at high temperatures.

The double- and single-peak formations in the hardness varia-
tions of MT720 and MT820 (Fig. 5a), respectively, also provide evi-
dence for the different precipitation kinetics in MT720 and MT820. 
Although some points are within the error range, the overall hard-
ness distribution indicates a difference in homogeneity between 
MT720 and MT820. Double-peak formation in MT720 is possibly 
related to an inhomogeneous solute distribution. In the case of the 
T5 heat treatment, which involves no homogenization process, the 
initial cluster distribution can be affected by the melt-holding 
temperature. Using a θ–θ type liquid metal X-ray diffractometer, Bian 
et al. reported that Si–Si cluster bonds break and dissolve into Al 
melt when the melt-holding temperature increases to 775 °C in Al-Si 
alloy melt [26]. In addition, when the melt-holding temperature 
increases from 775 °C to 875 °C, the mean atomic density and co-
ordination number rapidly decrease. The report by Bian implies that 
high melt-holding temperatures effectively break the atomic 
bonding of clusters and homogeneously dissipate solute atoms in Al 
melt, particularly when the melt-holding temperature is >  800 °C. 
Therefore, it is quite likely that the as-cast MT720 had many clusters 
and an inhomogeneous solute distribution in its initial state, as the 
melt-holding temperature was below 800 °C. Conversely, the single 
hardness peak in the MT820 implies a homogeneous solute dis-
tribution in the as-cast MT820 alloy. The observation that the time 
required to reach the first peak hardness was much shorter in MT720 
supports the inference stated above because inhomogeneity can 
locally accelerate precipitation hardening. However, this does not 
mean that the overall precipitation kinetics were much faster in 
MT720. If that had been the case, one would not have expected a 
second hardness peak at a later stage of the T5 treatment. The results 
of the Avrami kinetics also demonstrate that the precipitation ki-
netics were not significantly faster for MT720 than for 
MT820 (Fig. 6).

Only a limited number of studies have been conducted on cluster 
formation in melts. Further research is thus required to determine 
whether factors such as solute distribution and/or cluster formation 
affect double-peak formation. Although the effects of clusters on 
artificial aging are controversial, Røyset et al. reported that clusters 
formed during natural aging retard the subsequent artificial aging 
when Mg + Si >  1 wt% [43,44]. Considering the high Mg + Si wt% used 
in this study, the first peak hardness in MT720 may be attributed to 
rapid precipitation at a region of highly concentrated solute, while 
the second peak hardness appears to have resulted from the trans-
formation of clusters into hardened precipitates. Recent studies have 
suggested that the earliest clusters are mainly composed of Si-rich 
Mg-Si co-clusters, implying that Al-Si base casting alloys with very 
high Si concentrations may have abundant Si-rich aggregates in the 
as-cast state [45]. A high melt-holding temperature is known to 
break Si–Si bonds. It is thus expected that an increase in melt- 
holding temperatures will be highly effective in homogenizing the 
solute, particularly in Al-Si base-casting alloys [26,46,47].

The segregation of Cu on the Si- and β-type precipitates (Fig. 9) is 
also seemingly related to the high melt-holding temperature. The 
reduction in Cu-bearing inclusions shown in Fig. 3f indicates that Cu 
segregation is much stronger in MT820. Several reports have sug-
gested that Cu segregates at the interface of the precipitate, hin-
dering its growth by reducing the interfacial strain energy [48,49]. 
Saito et al. have found that Cu segregation at the β″/Al interface 
removes misfit dislocations normally formed at the interface of β″ 
[49]. The high content of Cu solutes in MT820 seems to have sup-
pressed the growth of Si, β-type precipitates more effectively. In 
conclusion, a high melt-holding temperature accelerates the overall 
precipitation kinetics by reducing the inhomogeneity of the solute 
distribution and refining the microstructure of T5-treated Al-Si-Cu- 
Mg alloys by providing a high solute concentration.

5. Conclusions

This study investigated the effects of melt-holding temperature 
on the T5 age-hardening behavior of Al-Si-Cu-Mg casting alloys. The 
results are summarized as follows. 

(a) When the melt-holding temperature was increased from 720 °C 
(MT720) to 820 °C (MT820), several microstructural changes 
occurred in the as-cast state: (i) the sizes of the eutectic Si and 
grain decreased, (ii) the phase amounts of all inclusions that 
contained Si, Mg, and Cu decreased, and (ⅲ) and the overall 
solute concentrations of Si, Mg, and Cu increased.

(b) The YS, TS, and elongation were remarkably enhanced with an 
increase in melt-holding temperature, indicating that the trade- 
off between strength and elongation can be overcome by con-
trolling melt-holding temperatures.

(c) The T5 age-hardening response significantly changed as the 
melt-holding temperature increased. The double-peak forma-
tion observed for MT720 was eliminated in MT820, indicating 
that a high melt-holding temperature homogenized the age- 
hardening response and solute distribution.

(d) The number density of Si- and β-type precipitates increased with 
an increase in melt-holding temperature, whereas the size of the 
precipitates decreased. The high number density was attributed 
to the high solute concentration, whereas the decrease in the 
size of the precipitates was attributed to enhanced Cu segrega-
tion, which is known to remove misfit dislocations at the in-
terface.
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