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1. Introduction

The need to reduce fuel consumption and CO2 emissions leads
to lighter vehicle design, which causes a requirement for parts
with thinner wall sections made out of high-strength materi-
als.[1,2] Al–Si alloys possess a high strength-to-weight ratio, high
corrosion resistance, good castability, and machinability.[3] These
alloys can be produced with different casting processes like sand
casting, low-pressure die casting, permanent mould casting, etc.
High-pressure die casting (HPDC) is the most applied casting
method for producing thin-walled cast parts with high productiv-
ity. HPDC provides low cycle times, high cooling rates, high sur-
face quality, and near-net shape castings.[4–6] Worldwide, HPDC
accounts for approximately half of all aluminum castings and is
commonly used for manufacturing automotive components and
other consumer products.[7]

The addition of other alloying elements like Cu and Mg makes
these Al–Si alloys heat treatable. Yield strength of Al–Si–Cu–Mg

HPDC alloys can be increased with heat
treatments from 160 to over 300MPa,
whereas ultimate tensile strength can reach
as high as 400MPa.[8,9] A comparison of
the mechanical properties of heat-treated
HPDC alloys with similar chemical compo-
sitions gathered from the published litera-
ture and the current study is shown in
Figure 1. Applied heat treatment includes
solution treatment at high temperature
(480–525 °C), water quenching, and natural
or artificial aging (150–240 °C).[10] The
objectives of the solution treatment are to
dissolve the maximum amount of interme-
tallics to obtain a supersaturated solid solu-

tion after quenching and to convert the acicular morphology of
eutectic Si particles to a spherical morphology.[11–14] Solution
treatment temperature and duration are critical parameters to
obtain desired mechanical properties. Higher temperatures
and longer durations allow more solute to dissolve in the α-Al
matrix. However, increasing the temperature above a limit can
cause incipient melting. To prevent this, the temperature should
not exceed the melting point of the last solidified phase in the
microstructure.[15,16] Prolonged solution treatment durations
can cause coarsening of grains and Si particles, which would
decrease the number density of these particles and affect the
mechanical properties negatively. In the case of HPDC castings,
high temperatures and longer durations can cause another prob-
lem called blistering. During the HPDC process, the melt is
injected into the die cavity to fill thin sections of the casting.
This causes a melt flow with extreme turbulence and ends up
with entrapment of gas in the solidified part.[7] Also vapor formed
by decomposition of die lubricants can cause porosity in the
HPDC castings.[17] At elevated temperatures during solution
treatment, the gas inside the casting starts to expand, if the
gas porosity is close enough to the surface, the stress can plasti-
cally deform the overlying surface layer to form blisters.[18]

Formation of blisters can cause cast parts to be scrapped and
reduce productivity.[19] Because of this problem, heat treatments
of HPDC parts are problematic and usually lower temperatures
and/or shorter durations are selected.[20]

In the case of Al–Si–Cu–Mg alloys, the intermetallics that can
be formed are mainly Al2Cu (θ), Mg2Si, and Al5Cu2Mg8Si6 (Q)
phases.[21] Formation of these intermetallics depends on the
Cu/Mg ratio; it was reported based on the thermodynamic cal-
culations for a similar alloy that the formation of the Mg2Si phase
is not possible when the Cu/Mg ratio is more than 0.65.[22]

Vanderslius et al.[23] reported near-complete dissolution of θ
and Q phases in 1 h at 495 °C for a similar alloy (B319) cast into
a preheated permanent mould. Compared to HPDC process, the
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cooling rate of the sample in the mentioned study was very slow
(0.17 °C s�1), which causes formation of a coarser grain struc-
ture. Almost complete dissolution of θ phase at 500 °C in
30min was also reported by Sadeghi et al. for an alloy containing
2.8% Cu and 0.5% Mg with a secondary dendritic arm spacing
value similar to the HPDC-cast samples. Although incomplete
dissolution of Q phase was stated in the same study, its quick
dissolution in the first 30min of the heat treatment was men-
tioned.[24] In terms of silicon morphology, experimental results
reported by Timelli et al. showed that 15min at 475 °C is enough
for spheroidization of Si particles in a Sr-modified, HPDC-cast
AlSi7MgMn alloy.[25]

This manuscript investigates the heat treatment conditions
under which higher strength can be achieved without causing
blistering in high-pressure die-cast Al–Si–Cu–Mg alloy system
(with and without Sr modification). The main investigation is
focused on exploring optimal conditions to achieve desirable
morphology of eutectic Si through studying the growth kinetics
and maximizing the dissolution of much-needed Al2Cu and
Al5Cu2Mg8Si6 phases, followed by formation of their precipitates
in the aging stage with higher particle number densities.

2. Experimental Section

Commercial A384 ingots with the composition listed in Table 1
and Al–10Sr master alloy rods were used as raw materials to

produce A384 and A384þ Sr alloys. These ingots were melted
in clay bonded graphite crucibles using electrical resistance fur-
naces. Rotary degassing was applied to the melt at 740 °C for
10min; the head rotation speed and argon gas flow were selected
as 350 rpm and 4 Lmin�1, respectively. Casting temperature was
chosen as 710 °C, and samples were cast using a 4500 kN cold
chamber HPDC machine. 8 ASTM B557 tensile samples with
a gauge length and diameter of 50 and 6.35mm, respectively,
were cast in each shot; further information about the geometry
of the cast samples can be found elsewhere.[26] An optical emis-
sion spectrometer (Oxford Instruments Foundry-Master Pro)
was used to analyze the chemical composition of the investigated
alloys; the results of the chemical analyses are shown in Table 1.

Heat treatments were conducted using electrical resistance
furnaces. The spatial variation of the temperature was measured
to be �2 °C. Quenching was performed in room-temperature
water after solution heat treatment. Samples were solution
treated at different temperatures varied from 470 to 530 °C for
three different durations namely 30, 60, and 120min. For artifi-
cial aging, two different aging temperatures were selected as 170
and 190 °C, and artificial aging was conducted up to 14 h. Some
of the samples were kept at room temperature for 14 days after
solution treatment and quenching to obtain T4 condition. The
aging was conducted in an oven where the temperature was pre-
cisely controlled. Hardness of the heat treated samples was mea-
sured to obtain optimum heat treatment conditions; a Buehler
Vickers microhardness tester was used with a 500 g load and
10 s dwell time. All reported hardness values were an average
of 10 measurements. All the tensile tests were conducted at room
temperature using a 50mm extensometer and 1mmmin�1

extension rate in Instron 5500 Universal tester. At least three
samples were tested for each condition to obtain an average
value. Zeiss optical microscope, Jeol JCM 6000Plus, and Carl
Zeiss Ultra Plus Gemini field emission scanning electron micro-
scope (FESEM) equipped with energy-dispersive X-ray spectros-
copy (EDX) were used for microstructural investigations.
ImageJ software was used to analyze the selected
microstructure images to understand the evolution of the micro-
structural constituents with different heat treatments. Themo-
Calc software was used to calculate the volume fractions of
the phases formed during solidification.

3. Results

3.1. As-Cast Condition

To understand the fracture mode of the materials, fracture sur-
faces of the as-cast (F) tensile test specimens were investigated

Figure 1. Comparison of mechanical properties of heat-treated HPDC
Al–Si–Cu–Mg alloys.[40–44]

Table 1. Chemical composition of alloys.

Al [wt%] Si [wt%] Cu [wt%] Ni [wt%] Sr [wt%] Mg [wt%] Mn [wt%] Fe [wt%] Others [wt%]

ASM A384a) Bal. 10.5–12 3–4.5 Max 0.5 – 0.1(max) 0.5(max) 1.3(max)

A384 Bal. 12.00 4.11 0.01 – 0.32 0.21 0.86 <0.2

A384þ Sr Bal. 11.70 3.92 0.01 0.02 0.32 0.21 0.84 <0.2

a)Standard chemical composition of A384 alloy.[45]
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and spread of the cracks in the microstructure and the rupture
surface are shown in Figure 2. The primary and secondary cracks
were observed to spread along the intergranular paths where brit-
tle intermetallics, as well as the acicular Si phases are located. It
is clear from the microstructure that the ductile α-Al matrix sur-
rounding these brittle phases prevents crack propagation by
deflecting or bridging the crack and blinding the crack tip. As
shown in Figure 2b, cracks originate within intermetallic and
Si phases and propagate through the interdendritic regions,
and finally the α-Al phase fractures after some plastic deforma-
tion (Figure 2a).

EDX analyses (Table 2) of the faceted surfaces reveal that they
are mostly fractured Si particles, and some are intermetallics. It
is established that the amount of fractured silicon particles for
the modified alloy was significantly lower than the unmodified
alloy due to a lower aspect ratio and finer particle size.[27] The
main subject of this study is focused on investigation of the kinet-
ics of Si phase during heat treatment to obtain desirable mor-
phology that leads to reduced cracking.

3.2. Solution Heat Treatments

During solution treatment, the unmodified eutectic Si particle
branches disintegrate, and the disintegration time (tmax) is
given by

tmax ¼
32π2

9
� kT
Dsγ

� ρ

ϕ

� �
4
�ln ρ

ϕ
(1)

Ds ¼ D0� exp �EA;inter � EA;v

RT

� �
(2)

where EA,inter denotes the activation energy for interdiffusion of
Si in Al (148.6 kJ mol�1), EA,v is the activation energy of vacancy
formation in Al (74.3 kJ mol�1), R is the universal gas constant
(8.314 J mol�1 K�1), T is the temperature (K), k is the Boltzmann
constant (1.38� 10�23 J K�1), γ is the interfacial energy of Al–Si
interface (1 Jm�2), ϕ is the covalent atomic diameter of Si
(2.22� 10�10m), ρ is the Si particle radius, Ds is the diffusion
coefficient, andD0 is the frequency factor (2.29� 10�4m2s�1).[28]

Figure 3 shows the calculated disintegration time for a given
Si branch size. The higher the heat treatment temperature, the
shorter the time needed to disintegrate the branches. The mea-
sured width of the silicon particles in the cast samples varied in
the range of 0.2–1 μm (Figure 6a) with a mean value of 0.45 μm.
If the average branch radius is selected as 0.225 μm from
Figure 3, the theoretical disintegration time is 18.25min at
510 °C. For the same silicon particle size, the time needed for
disintegration increases to 25min at 490 °C and 35min at
470 °C. This value corroborates with the observed experimental

Figure 2. Microstructures of A384 in as-cast condition: a) optical image showing cross section of the fracture surface and b) SEM image of perpendicular
section showing cracks along the intermetallics and Si particles.

Table 2. EDX analyses (atomic%) of the phases on the fracture surface.

Point Al Si Fe Ni Cu

1 25.5 72.51 0.46 0.34 1.2

2 34.78 63.75 0.01 0.28 1.17

3 15.8 83.12 – 0.32 0.77

4 17.2 81.88 – 0.19 0.72

5 70.78 6.55 18.38 0.89 3.41

6 25.71 72.54 0.17 0.38 1.19
Figure 3. Relationship between the radius of silicon coral branches (ρ) and
disintegration time (tmax) for various temperatures.
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results as shown in Figure 4. Even though the calculated disin-
tegration time for Si particles at 510 °C is less than 20min,
experiments showed that it was not enough for all particles to
disintegrate and spheroidize. The disintegration time is calcu-
lated using the average branch radius of Si particles. The actual
sizes of the Si particles in the cast samples are different from this
average value; thus, more time is needed for the bigger particles.
Although higher solution treatment temperatures allow shorter
disintegration times, they cause rapid expansion of the porosities
close to surface of the casting which ends up with blisters.
Figure 5 shows some examples of blister formation for the sam-
ples heat treated at 520 and 530 °C.

The Si particle size distributions in as-cast alloys with and
without Sr addition are given in Figure 7a. Although most of

the particles for both alloys have a width smaller than 0.45 μm,
some coarser particles are also observed. For silicon particles
with a radius larger than 0.3 μm, the calculated disintegration
time at 470 °C is greater than 2 h. As the required disintegration
time for these thicker Si particles is much longer, this caused
incomplete spheroidization in some heat treatment conditions
and reduced the average circularity (C). Calculated circularity val-
ues (Equation (3)) of the silicon particles after different heat treat-
ments are shown in Figure 4, as well as the average silicon
particle area. The circularity of a phase in the microstructure
is defined as the degree to which the particle is similar to a circle,
taking into consideration the smoothness of the periphery. This
means circularity is a measurement of both particle form and
roughness.

Thus, the further away from a perfectly round, smooth circle a
particle becomes, the lower the circularity value.

C ¼ 1
n

Xn
k¼1

4πAk

P2
k

(3)

The ratio of area (A) and perimeter (P) of Si particle is decisive
in the formula, and when circularity value is 1, it indicates a per-
fect circle, and as it approaches 0, it indicates an increasingly
elongated polygon.

It is seen in Figure 4 that the mean eutectic Si particle area is
lower, and the circularity is higher for the Sr-modified alloys
under all heat treatment conditions. The difference between
modified and unmodified alloys is bigger for short heat treat-
ment durations and gets smaller with increased heat treatment
time. For a higher heat treatment temperature of 510 °C, the dif-
ference between the two alloys is small even at a shorter dwell
time of 30min, and this difference remains constant for longer
heat treatment times. In general, 30min of heat treatment at
510 °C seems sufficient to disintegrate Si coral branches and
achieve sufficient Si circularity. The morphological change in
the eutectic Si phase after solution heat treatment can be seen
in Figure 6.

Figure 4. Average area and circularity values of eutectic Si phase after
different solution treatments.

Figure 5. Blister formation on the surface of samples heat treated at a) 520 °C and b) 530 °C.
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Particle area distribution and circularity after solution treat-
ment at 510 °C for 30min are shown in Figure 7b,c, respectively.
It is well known that modification with Sr changes the eutectic Si
morphology from acicular plates to a rounded, fiber-like form.[29]

The measured width of the Si particles for both alloys showed a
similar distribution, and the mean thicknesses of the silicon
particles were 0.45 and 0.47 μm for unmodified and Sr modified
alloys, respectively. The small difference between these values
is possibly a result of the fast cooling rate achieved in the
HPDC process, which refines Si particles. The effect of Sr
modification is more prominent after heat treatment, as
shown in Figure 7b, where the mean area of Si particles is
smaller and the circularity (Figure 7c) is higher for the modified
alloy.

Paray et al.[30] also reported that the addition of Sr facilitates
the fragmentation and spheroidization processes of Si particles.
Spheroidization of the unmodified eutectic Si consists of 1) Si

plate fragmentation/disintegration; 2) spheroidization of broken
Si particles; and 3) coarsening of Si particles. In step (3), smaller
Si particles are dissolved at the expense of the growth of larger
particles, thereby causing an increase in the average particle
size.[31] Morphological changes of the silicon particles during
heat treatment are schematically shown in Figure 8. The
process of spheroidization and coarsening is different for
modified and unmodified alloys. For unmodified alloys, the first
step is the fragmentation of the needle-like particles, which is
followed by spheroidization. For the modified alloys, silicon
particles already have a refined morphology, and spheroidization
commences shortly after the solution treatment is underway.

The Ostwald ripening behavior of the precipitates during iso-
thermal annealing has been described by Lifshitz, Slyozov, and
Wagner (so called LSW theory)[32,33] and it predicts that the aver-
age particle radius, r, should increase with time, t, according to
Equation (4).

Figure 7. Graphs showing distribution of a) width in as-cast condition, b) area in heat-treated condition (510 °C - 30 min), and c) circularity in heat-treated
condition (510 °C - 30 min) of silicon particles.

Figure 6. Microstructures of a) A384 and c) A384þ Sr as-cast samples, b) A384, and d) A384þ Sr samples after solution treatment (510 °C-30min).
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rtn � rt0
n ¼ krt (4)

where r is the average radius of the Si precipitates at time t and t0,
n is the coarsening exponent, kr is the rate constant including
lattice diffusivity, and t is the annealing time. In the typical
LSW theory, the value of n is equal to 3, which means that
the coarsening process is controlled by the volume diffusion.

A series of experiments were conducted to investigate the
coarsening behavior of silicon particles as a function of heat treat-
ment time for different heat treatment temperatures. Si sizes
after different heat treatments were measured using image anal-
ysis. The measured Si size was converted to an equivalent diam-
eter to calculate average radius values. The equivalent circular
diameter, or area-equivalent diameter, is defined as the diameter
of a circle with the same area as the particle. Thus, once the area
of the particle, A, has been measured, the area-equivalent radius
(re) can be calculated using Equation (5).[34]

re ¼
1
l

Xl

k¼1

ffiffiffiffiffiffi
Ak

π

r
(5)

For better understanding of the variation of the coarsening
exponent, the relationship between r and t is shown in
Figure 9a for different solution treatment temperatures. All of
the experimental data exhibit a good linear relationship with
n� 3. kr for samples at various solution temperatures are com-
pared in Figure 9b. As shown in the graphs, the value of kr is
larger for unmodified alloys for all tested heat treatment temper-
atures, which means coarsening is faster for these alloys. The

reason for this behavior could be related to the size distribution
of Si particles in the unmodified and modified alloys. For the
unmodified alloy, large silicon particles coexist with much
smaller ones. This size difference causes smaller ones to dissolve
and provide the flux of silicon atoms for the growth of the bigger
ones at a faster rate compared to the modified alloys where the
size distribution is much narrower. Another parameter could be
the shape of the particles; the acicular shape of the silicon par-
ticles in unmodified alloy creates a driving force for them to grow
and get more circular.

Apart from silicon spheroidization, another important result
of the solution heat treatment is the dissolution of the interme-
tallic phases in the microstructure of the as-cast material.
Because dissolution of these secondary phases is a diffusion-
controlled process, heat treatment temperature and duration
are critical parameters. As a rule, higher temperatures and longer
durations provide increased dissolution. However, higher tem-
peratures and prolonged heat treatments can cause problems like
blistering and grain coarsening, so finding optimum conditions
for solution heat treatment is critical.

The main intermetallic phases in the current alloy that can be
dissolved during solution heat treatment and then precipitate
during aging are Al2Cu (θ) and Al5Cu2Mg8Si6 (Q) phases.[35,36]

Figure 10 shows formation temperatures and fractions of the
phases in the studied alloy as well as the fractions of Q and θ
phases at different temperatures under equilibrium conditions
calculated using Thermo-Calc software. As expected with
increased temperature, the amount of intermetallics decreases.
When the temperature is 510 °C, all of the Q phase is dissolved,

Figure 8. Change of eutectic Si particle morphology during solution heat treatment in a) unmodified and b) modified Al–Si casting alloys.

Figure 9. Change of a) equivalent radius versus solution time and b) coarsening parameter k against solution temperature.
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and only around 7% of the θ phase remains undissolved. Quick
dissolution of θ and Q phases has already been reported in the
literature, where most of the Al2Cu was dissolved and the
amount of Mg dissolved in α-Al was more than doubled even
after 10min at 495 °C.[37] Although further increasing the tem-
perature would help to dissolve remaining intermetallics, it could
result in incipient melting.[38,39]

After evaluation of the results of silicon particle circularity/
size and dissolution of intermetallic phases, two different solu-
tion heat treatment procedures were selected for further investi-
gation, 30min at 490 °C and 30min at 510 °C. Polished cross
sections of the heat-treated samples were investigated with an
OM to see if there was any blistering problem on their surfaces.
All of the samples were free of blistering.

3.3. Aging

After the solution treatments at two different temperatures (490
and 510 °C), the samples were aged naturally at room

temperature and artificially at 170 and at 190 °C. For natural
aging, solution-treated samples were kept at room temperature
for 14 days (T4 treatment) and then tensile tests were carried out.
The radar chart with the average values of tensile test results as
well as hardness is shown in Figure 11a. The aging curves at 170
and 190 °C are shown in Figure 11b for samples that are solution
treated at two different temperatures (490 and 510 °C).

As shown in Figure 11a, solution heat treatment at 490 °C
results in higher strength and lower elongation after T4 treat-
ment; on the other hand, the hardness values of the samples heat
treated at both temperatures are very similar. The reason for high
strength of the samples solution treated at 490 °C is related to the
amount of intermetallics that dissolve during heat treatment. As
shown in Figure 10b, solution treatment at 490 °C results in a
higher content of undissolved intermetallics in the microstruc-
ture compared to solution treatment at 510 °C. The existence
of these intermetallics contributes to increased strength of the
material but causes a lower ductility due to their brittle nature.
Although solution treatment at 510 °C dissolves most of the

Figure 10. Thermodynamic modeling of the a) change of phase fractions with temperature and b) equilibrium phase fractions of θ and Q at different
solution temperatures.

Figure 11. a) Mechanical properties after T4 treatment and b) aging curves after different solution treatments of A384 alloy.
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intermetallic phases, solution strengthening and formation of
precipitates at room temperature are not enough to cause higher
strength.

In the case of artificial aging, atoms have high mobility
because of the increased aging temperature and formation of
precipitates is easier. In the case of artificial aging, the amount
of dissolved atoms plays an important role in the final strength of
the material. Figure 11b shows the change of hardness with
aging time for different solution and aging treatment tempera-
tures. For both aging temperatures, maximum hardness is
achieved by the samples solution treated at 510 ˚C. Increasing
aging temperature from 170 to 190 °C results in a shorter time
requirement for peak hardness, but the peak hardness values for
both aging temperatures are almost the same.

After evaluation of the tensile properties of the T4-treated
materials and aging curves of the T6-treated samples, the opti-
mum heat treatment for improved strength for this alloy was
selected as solution treatment at 510 °C for 30minþwater
quenchingþ aging at 190 ˚C for 6 h.

Tensile bars of A384 and A384þ Sr alloys were heat treated
according to the selected recipe and tested at room temperature.
The results of these tensile tests are given in Figure 12.

For both alloys, the selected T6 heat treatment resulted in ten-
sile strength of 435MPa, to the best of the current authors’
knowledge and the compiled data shown in Figure 1, this is
the highest reported value for this alloy. The T6 heat treatment
increased yield strength from 185 to 354MPa (91% increase) and
179 to 363MPa (102% increase) for A384 and A384þ Sr alloys,
respectively. The average elongation at break is around 3.5%
(42% increase) for both alloys.

4. Conclusions

The results of the current study show that with tailored heat treat-
ments, it is possible to improve the mechanical properties of the
HPDC Al–Si–Cu–Mg alloys. The data show that solution treat-
ment at 510 °C for 30min provides disintegration and spheroid-
ization of eutectic Si particles with the sufficient dissolution of

intermetallic phases. Calculated disintegration time using the
average Si particle radius is in good agreement with the experi-
mental results. Experiments show that coarsening of Si particles
happens faster for unmodified alloys, which is a result of the
coexistence of different sized particles. The effect of Sr addition
on the circularity of Si particles is more prominent in the as-cast
condition. After 30min of solution treatment at 510 °C and 6 h of
aging at 190 °C, yield strength and ultimate tensile strength val-
ues above 360 and 430MPa were recorded, respectively. A com-
parison of the tensile data for modified and unmodified alloys
shows that although the addition of Sr increases the ductility
of the material in the as-cast state, it has almost no effect on
the mechanical properties of heat-treated samples. OM con-
ducted on the polished cross sections of the heat-treated samples
showed no signs of blister formation. The optimal heat treatment
conditions presented here provide an opportunity for HPDC
foundries to further enhance mechanical properties without
changing the alloy composition or casting parameters.
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