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Conventional high-pressure die casts (HPDC) cannot be solution-treated at high temperature owing to the
presence of air or gas in the alloy that may lead to the formation of undesired surface blistering. HPDC Al
castings are typically subjected to T5 aging treatment (direct artificial aging after casting) to improve the
mechanical properties. In this study, microstructural evolution and strengthening behavior of an HPDC Al-
Si-Cu-Mg alloy with high Cu content aged by T5 treatment were investigated using electrical conductivity,
hardness, and tensile tests combined with differential scanning calorimetry, x-ray diffraction, and scanning
transmission electron microscopy characterization. Numerous dislocation tangles and nano-sized Si par-
ticles were observed in the HPDC Al castings. Most Cu dissolved into the Al matrix. An increase in
hardness and electrical conductivity during the peak-aging treatment was attributed to formation of
Guinier–Preston zones. Most dislocation tangles and nano-sized Si particles disappeared during further
aging and Al2Cu precipitates formed, which led to a slight decrease in hardness and increase in electrical
conductivity. The strengthening mechanism of over-aged HPDC alloys is attributed to precipitation of the
equilibrium Al2Cu phase. HPDC alloys subjected to T5 aging treatment (175 �C for 420 min) exhibited the
best mechanical properties: ultimate tensile strength, yield strength, and elongation reached 293 MPa, 212
MPa, and 3.1%, respectively.

Keywords Al-Si-Cu-Mg, dislocation, high-pressure die cast,
precipitation, T5 aging

1. Introduction

There has been increased demand for Al alloys in recent
decades owing to their applications in the aerospace and
transportation industries. Compared with other forming tech-
nologies, high-pressure die-casting (HPDC) possesses many
merits, such as ease of mass production, good surface finish,
dimensional accuracy, and the ability to form complex
components. Almost 50% of Al castings are fabricated by an
HPDC process (Ref 1, 2). A T6 or T7 heat treatment, which
comprises high-temperature solution treatment and artificial
aging, is an important way to develop die-cast alloys with high
yield strength and acceptable elongation (Ref 3). Unfortunately,
high-temperature solution heat treatment cannot be applied to
Al castings produced by conventional HPDC, owing to the

blistering and dimensional instability that occurs on the surface
of the castings (Ref 4-6). To minimize detrimental effects that
occur during solution heat treatment, vacuum (or ultra-vacuum)
HPDC processes were developed to lessen gas entrapment and
hence minimize blistering (Ref 7, 8), but low production
efficiency and high cost limit the widespread application of
these technologies. Although it is reported that low-temperature
solution treatment and a short solution treatment time can
achieve an adequate supersaturated solid solution without
blistering (Ref 9-12), some risk of blistering still exists,
especially for thin HPDC Al castings.

T5 aging treatment (direct artificial aging after casting) is
desired to improve the mechanical properties of HPDC Al
castings; however, only limited work has been reported on this
system and controversy still exists concerning the evolution of
hardening precipitates during the T5 aging treatment. Nakata
et al. (Ref 13) attributed the good strength of Al-7Si-0.5Mg-
0.01Sr to fine and uniform b precipitates. Inoue et al. (Ref 14)
found the formation of clusters during pre-aging of Al-9Si-
0.3Mg. Ando et al. (Ref 15) claimed that Si compounds
precipitated during preliminary aging and Al-Cu compounds
precipitated later at low aging temperature in Al-11Si-1.8Cu-
0.2Mg. Mishra et al. (Ref 16) reported that the S’ phase formed
first and then partially dissolved as Si in an Al-Si-Cu-Mg alloy.
In contrast, an investigation of precipitation in Al-Si-Cu-Mg
alloys for HPDC castings showed that precipitation hardening
did not occur in T5-treated materials, but did occur in T6-
treated material, in which strengthening was caused by
precipitation of the S‘‘ phase (Ref 17).

In this work, an extensive study was carried out to clarify
the T5-aging strengthening behavior of an HPDC Al-Si-Cu-Mg
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alloy with high Cu content. Evolution of microstructural
properties, such as dislocations, precipitates, and behavior of
the Cu solute, were examined as a function of aging time at
175 �C. The results of this study can improve understanding of
the relationship between microstructure and mechanical prop-
erties of T5-aged HPDC Al alloys.

2. Material and Experimental Procedure

The alloy compositions are shown in Table 1. Die casting
was conducted using a cold-chamber die-cast machine (DC-
350J-MS model, Toshiba) with a locking force of 3500 kN.
The melt was held at 700 �C and cast into a mold. The die
mold, HPDC Al castings, and specimens for tensile tests are
shown in Fig. 1(a)-(c), respectively. The temperature of the
mold, plunger speed, gate speed, and casting pressure were
170 �C, 0.25 m/s, 0.9 m/s, and 60 MPa, respectively. The cast
samples were held in the mold for 20 s and then quenched in
air. The as-cast HPDC alloys were artificially aged at 175 �C
and samples taken at different times for characterization.

The variation in hardness during aging treatment was
determined using specimens polished by SiC paper and then
measured using a Brinell hardness tester. At least five points
were measured for each condition and average values are
reported. Average values of electrical conductivity were
determined by measuring at least five areas of a sample using
an FQR7501A digital micrometer. Tensile properties were
determined by machining dog-bone-shaped samples of 2 mm
gauge thickness, 6 mm gauge width, and 25 mm gauge length,
and testing these using an Instron 3369 materials testing
machine at a displacement rate of 2 mm min�1. At least three
tensile tests were conducted for each condition.

A Zeiss reflected-light optical microscope was used for
characterization of optical microstructures. Differential scan-
ning calorimetry (DSC; 409PC, Netzsch,) was carried out to
analyze the evolution of precipitates using a heating rate of
5 �C/min. X-ray diffraction (XRD; D8ADVANCE, Bruker)
was used to identify phases and evaluate the dislocation density
according to the full-width at half maximum (FWHA) of the a-
Al peak using a CuKa radiation source (45 kV, step size = 2�/
min, 2� £ 2h £ 100�). It is well known that FWHM reflects
the dislocation density and that an increase in peak broadening
can mainly be attributed to an increase in dislocations of a
material based on XRD characterization (Ref 18, 19). The
dislocation density (q) of alloys can be calculated using the
relationship (Ref 20, 21):

q ¼
2

ffiffiffi

3
p

e2
� �1=2

Db
ðEq 1Þ

where <e2>½ is the root mean square microstrain, D is the
coherent domain size, and b is the Burger�s vector. Here b =
0.285 nm (Ref 22). e and D were, respectively, estimated from

the slope and intercept of a linear equation obtained by fitting
the XRD data using Jade software.

To prepare thin foils for scanning transmission electron
microscopy (STEM) examination, slices cut from HPDC
samples were mechanically ground and cut into 3-mm-diameter
disks. These disks were ground to a thickness of less than 70
mm and ion-beam thinned on a Gatan precision ion-polishing
system at a voltage of 5.0 kV and incident angle of 4�-6�. An
FEI Talos F200X transmission electron microscope operating at
200 kV was used for STEM imaging, select area-diffraction
pattern (SADP) analysis, and energy-dispersive x-ray spec-
troscopy (EDX) mapping analysis.

3. Results and Discussion

3.1 Microstructure Characterization

Figure 2 shows a typical as-polished microstructure of the
die-cast AlSi14Cu4MgZn alloy. As expected, numerous pri-
mary Si and Al-Si eutectic phases are observed in the alloys in
Fig. 2(a)-(b). With reference to the Al-Si phase diagram (Ref
23), as solidification proceeds, the primary Si phase is first
solidified followed by the Al-Si eutectic phases. Figure 2(b)
shows that compact Fe-rich phases are apparent: these are
termed �sludge� in the die-casting industry and are modified by
Mn as an alloying element (Ref 24). In addition, some coarse
gray Cu-rich phase can be seen, which may result from the high
Cu content, present as an alloying element. Furthermore, two
typical a-Al grain structures can be seen in Fig. 2(b): coarse a1-
Al grains solidified in the shot sleeve at lower cooling rate and
fine secondary a2-Al grains solidified in the die cavity at higher
cooling rate (Ref 25).

To investigate the precipitation behavior during heating of
HPDC alloys, the DSC curves for these alloys were compared
with those of similar composition but prepared via gravity
casting (GC) using a steel die. The results are shown in Fig. 3.
For the GC alloys, a single exothermic peak (I) appeared at
75 �C, which may correspond to the formation of Guinier–
Preston (GP) zones containing Cu. In comparison, the HPDC
alloys exhibited two additional exothermic peaks and one
endothermic peak, occurring at approximately 125, 175, and
250 �C, respectively. In HPDC alloys, the reason for the
occurrence of exothermic peak I is similar to that of GC alloys.
The peak I area of the HPDC alloy was larger than that of the
GC alloy, indicating a corresponding larger volume fraction of
the GP zone. Exothermic peaks II and III may be attributed to
precipitation of h¢ and h phases, respectively. This DSC
analysis of peak position and assignment is consistent with the
work of Xiong et al. (Ref 26). It should be noted that no
obvious dissolution endotherm was detected between
exotherms I and II, indicating that GP zones associated with
exotherm I serve as precursors for nucleating the complex
higher-order h’ phase. In addition, endotherm IVof HPDC may
correspond to dissolution of the (h¢ + h) phase. The difference
in precipitation behavior between the GC and HPDC alloys is
attributed to the difference in cooling rate: HPDC exhibits a
faster cooling rate (typically 100-1000 �C/s) (Ref 27-29),
which contributes to a short die-filling time and thin walls.
The fast cooling rate of HPDC alloys leads to more defects
(e.g., dislocations) and a higher Cu solute content in the Al
matrix. In addition, exothermic peaks II and III of HPDC alloys

Table 1 Chemical composition of the investigated alloys
in wt. %

Elements Si Cu Mg Fe Mn Zn Al

Composition 14.61 4.44 0.43 0.71 0.17 0.51 Bal.
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are less obvious than those of alloys that are subjected to high-
temperature solution followed by water quenching, suggesting
that supersaturated solute content (which mainly refers to the
Cu solute in this study) in HPDC that is treated only by air
quenching is lower than that of alloys treated by both
solutioning and water quenching (Ref 30).

Figure 4 shows XRD spectra of the GC and HPDC alloys
and the classical Williamson–Hall plot of the corresponding
FWHM. Both alloys exhibited peaks attributed to the a-Al and

Si phases. In addition, the GC alloy showed distinct Al2Cu
peaks, suggesting that this contained more Al2Cu phase than
HPDC. The faster cooling rate of HPDC helps more Cu atoms
to remain in the Al matrix and retards Cu atoms from forming
the coarse Al2Cu phase. Furthermore, all a-Al peaks of the
HPDC alloy shifted toward lower 2h value compared with
those of the GC alloy, which may contribute to residual stress
resulting from the fast cooling of HPDC (Ref 31, 32). The
classical Williamson–Hall plot of the FWHM from XRD
characterization is shown in Fig. 4(b). The calculated disloca-
tion densities of the HPDC and GC alloys are 1.6 9 1015 m�2

and 1.7 9 1014 m�2, respectively. It should be noted that the
HPDC alloy had an order-of-magnitude higher dislocation
density. HPDC alloy exhibits large thermal stress due to its fast
cooling rate, so plastic strain occurs in the a-Al matrix to relax
this stress, resulting in a high dislocation density. Both the
higher dislocation density and higher Cu solute content lead to
different precipitation behavior of HPDC alloys compared with
that of GC alloys during T5 aging treatment. This was further
investigated using more advanced characterization methods.

3.2 Strengthening Behavior during T5 Aging Treatment

To investigate the influence of T5 aging hardening behavior
on the variation in hardness and electrical conductivity, Brinell
hardness and electrical conductivity measurements were carried
out. Figure 5 shows the variation in these two parameters
during the T5-aging treatment. Electrical conductivity increased
with time, whereas hardness first increased and then slightly

Fig. 1 Schematic diagram for specimen preparation (a) die mold for HPDC; (b) HPDC Al castings; (c) specimen for tensile test

Fig. 2 Typical microstructures of die-cast AlSi14Cu4MgZn alloy (a) Low magnification; (b) High magnification

Fig. 3 DSC analysis of samples prepared by gravity casting and
HPDC
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decreased with aging time. With increased aging time, more
solute (Cu) precipitated from the Al matrix and lessened
distortion of the matrix. This resulted in a continuous increase
in electrical conductivity. The variation of hardness reflects
precipitation of the solute element, corresponding to peak-aging
(initial increase) and then over-aging (slight decrease). When
the T5-aging time reached 420 min, the corresponding hardness
value was highest, at 133 HBW.

Figure 6 shows the mechanical properties of the HPDC alloy
for different aging times during T5 treatment. Alloys aged for 7
h at 175 �C showed the highest ultimate strength, yield
strength, and elongation of 293 MPa, 212 MPa, and 3.1%,
respectively. These values were 30, 32, and 24% higher,
respectively, than the corresponding values measured for the as-
cast HPDC alloy. On further prolonging the aging time to 10 h,
the ultimate strength, yield strength, and elongation slightly
decreased. This variation of mechanical properties is consistent
with that of hardness as a function of aging time.

3.3 Microstructural Evolution during T5 aging Treatment

Figure 7 shows STEM images viewed along the [�112]
crystal zone axis and corresponding EDX mapping analysis of
as-cast HPDC alloys. These alloys contained an abundance of
dislocations, which is consistent with XRD characterization
(Fig. 4). In addition to the primary Si and eutectic Si phases
shown in Fig. 2, numerous nanoscale Si particles (40-60 nm)
are also seen in Fig. 7(b) and (d), associated with many
dislocation tangles. It can be assumed that nucleation of
nanoscale Si particles on the dislocations readily occurred
because this contributes to reducing the total strain energy of
the Si embryo and total free energy of the material. The EDX
mapping analysis shown in Fig. 7(e) and (f) indicates that most
Cu and Mg dissolved into the Al matrix and were evenly
distributed throughout the sample.

When the as-cast HPDC alloy was held at 175 �C (T5 aging
treatment), the hardness increased with time and reached peak-
aging after 420 min. The corresponding STEM image viewed
along the [100] crystal zone axis and EDX mapping are shown
in Fig. 8. The microstructure of the peak-aged HPDC alloy was
similar to that of the as-cast HPDC alloy and still contained a
high dislocation density and nano-sized Si particles, as shown
in Fig. 8(a)-(c). However, the contrast of nano-sized Si particles
in the peak-aged HPDC alloy was weaker than that of the as-
cast HPDC alloy, indicating that Si atoms from the nanoscale Si
particles diffused into the Al matrix to some extent during the
aging treatment (Fig. 8e). In addition, the Cu distribution
seemed to be more segregated than that of as-cast HPDC alloys,
which most likely corresponded to GP zones. The diffraction
pattern confirmed the existence of GP zones, where distinct
discontinuous streaks parallel to the <100>a direction
through {200} spots were observed (Ref 33). These streaks
contributed to the elastic strain field from coherent GP zones. It
is understandable that dissolved Cu atoms readily moved
toward the dislocations as aging proceeded because segregation
of Cu atoms along the dislocations can effectively decrease the
interfacial energy of dislocations with the Al matrix. In fact,
these phenomena are well studied in Al-Cu alloys, where
deformation prior to aging can increase dislocation density, and
thereby the number of nucleation sites for heterogeneous

Fig. 4 XRD analysis of samples prepared by GC and HPDC (a) and the classical Williamson-Hall plot of the FWHM from XRD
characterization (b)

Fig. 5 The variation in hardness and electric conductivity as a
function of aging time at 175 �C
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precipitation, by accelerating the diffusion of Cu atoms (Ref
34-36). DSC characterization of the HPDC alloys also con-
firmed the formation of GP zones containing Cu, as shown in
Fig. 3. The combined effects of high dislocation density,
nanoscale Si particles, and coherent GP zones contributed to
the highest hardness value for the peak-aged HPDC alloy.

With further prolonging of aging time, the hardness slightly
decreased whereas the electrical conductivity continued to
increase. This stage is defined as over-aging. An STEM image
viewed along the [110] crystal zone axis and corresponding
EDX mapping are shown in Fig. 9 and 10, respectively. The

microstructure of the over-aged HPDC alloy differed obviously
from those of the as-cast and peak-aged HPDC alloys: the
nano-sized Si particles had fully dissolved into the Al matrix by
diffusion and the dislocations had completely disappeared
owing to the static recovery effect. Instead, a needle-like phase
with a high number density was observed. An EDX map
(Fig. 10) of this phase showed that it contained mainly Cu. A
well-accepted precipitation sequence for Al-Si-Cu-Mg alloys
with high Cu/Mg ratio has been proposed as follows: super-
saturated solid solution fi GP I (Cu/Al-rich) fi
metastable h¢ fi equilibrium h (Ref 37, 38). Therefore,

Fig. 6 Tensile properties of the as-cast, peak-aging and over-aging HPDC alloys. (a) Typical tensile-strain curves; (b) average tensile properties
of HPDC alloys

Fig. 7 STEM image and corresponding mapping EDX from as-cast HPDC alloys (a) low magnification; (b) high magnification from Zone A;
(c) SAED pattern; (d) Si mapping; (e) Cu mapping; (f) Mg mapping
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considering the alloy�s composition and high Cu content and
previous studies of the precipitation of Al-Cu alloys, the
needle-like phase is most likely the Al2Cu phase (Ref 39-42).
The Al2Cu phase is an equilibrium phase at this stage and has
no coherent relationship with the Al matrix, so no diffraction
streaks from precipitates are observed in Fig. 9(c). The
disappearance of both dislocations and nano-sized Si particles
decreased the hardness, while precipitation of the Al2Cu phase
increased the hardness. Considering these two offsetting
effects, the overall hardness value slightly decreased when

compared with that of the peak-aged alloy. In addition,
precipitation of the semi- or non-coherent Al2Cu phase further
lessened the Al lattice distortion and thereby increased the
electrical conductivity.

Figure 11 summarizes the microstructure evolution envi-
sioned for HPDC alloys with a high Cu content during T5
aging treatment. As characterized by DSC, XRD, and STEM
analyses, as-cast HPDC Al alloys contain an abundance of
dislocations and nano-sized Si particles as well as well-
distributed Cu solute. When the alloy is aged at 175 �C, Cu

Fig. 8 STEM image and corresponding mapping EDX from as-peak HPDC alloys (a) low magnification; (b) high magnification from Zone A;
(c) SAED pattern (d) Si mapping; (e) Cu mapping; (f) Mg mapping

Fig. 9 STEM image from over-aging HPDC alloys (a) low magnification; (b) high magnification from Zone A; (c) SAED pattern
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segregates close to dislocation tangles and formed GP zones,
which are responsible for the high hardness and mechanical
properties. On longer aging time, GP zones are transformed
into needle-like equilibrium Al2Cu phases and the nano-sized

Si particles and dislocations largely disappear, which corre-
sponds to a slight decrease in hardness and mechanical
properties.

Fig. 10 STEM image and corresponding mapping EDX from over-aging HPDC alloys (a) STEM image; (c) Si mapping; (d) Mg mapping; (e)
Cu mapping

Fig. 11 Schematic representation of the microstructure evolution envisioned for HPDC alloys containing high Cu content during T5 aging
treatment
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4. Conclusions

Microstructural evolution and strengthening behavior of an
HPDC Al-Si-Cu-Mg alloy with a high Cu content aged by T5
treatment was investigated. The following conclusions can be
drawn:

(1) For HPDC Al castings, an abundance of dislocation tan-
gles and nano-sized Si particles were observed and the
Cu alloying element was dissolved in the Al matrix.

(2) For peak-aged HPDC Al castings, the Cu solute segre-
gated to nearby dislocation tangles and formed GP
zones, to which the strength improvement is attributed.

(3) For over-aged HPDC Al castings, microstructural evolu-
tion of T5-treated HPDC alloys reflected the disappear-
ance of both dislocation tangles and nanoscale Si
particles, and precipitation of the equilibrium Al2Cu
phase, which caused a decrease in strength.

(4) The over-aged strengthening mechanism of T5-treated
HPDC alloys is attributed to precipitation of the equilib-
rium Al2Cu phase.

(5) HPDC alloys exhibited the best mechanical properties
when subjected to the T5 aging treatment (175 �C for
420 min): the ultimate tensile strength, yield strength,
and elongation reached 293 MPa, 212 MPa, and 3.1%,
respectively.
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