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Abstract: The current study aimed at analyzing the response of semisolid A357 aluminum alloys to
unconventional thermal treatment cycles of T4/T6/T7 conditions. The mechanical, electrical, and
microstructural characterizations of such semisolid alloys were investigated. The microstructure
evolutions of Fe-intermetallic phases and strengthening precipitates were characterized using
scanning electron microscopy (SEM) and transmission electron microscopy (TEM), respectively.
The mechanical failure of such semi solid A357 aluminum alloys, used for suspension automotive
parts, is mostly related to cracking issues which start from the surface due to hardness problems and
propagate due to severe load variations. For these reasons, the multiple thermal aging cycles, in this
study, are applied to enhance the mechanical properties and to have compromised values compared
to those obtained by standard thermal treatments. The results obtained in this work indicate that the
heat treatment of this alloy can be optimized. The results showed that the optimum characteristics of
A357 semisolid alloys were obtained by applying thermal under-aging cycle, interrupted thermal
aging cycles and a T7/T6 two steps aging treatment condition. The electrical conductivity and
electron microscopy were applied in this study to analyze the characteristics of hardening phases
formed due to different aging cycles applied to the alloys investigated.

Keywords: multiple thermal aging; mechanical properties; electrical conductivity; aluminum semi
solid alloys; SEM; TEM

1. Introduction

Aluminum A357 semisolid alloys are considered to be excellent candidate materials for
automotive engineering applications, especially of mechanical parts as suspension control arm. The
microstructure and mechanical properties which are attainable in these alloys are known to be strongly
influenced by solidification characteristics and heat treatment parameters. The semi-solid materials,
SSM, produced by Swirled Equilibrium Enthalpy Device casting technique, SEED, is an efficient
technology that offers several advantages over liquid and solid processing. The semisolid casting
process improves the quality of A357 aluminum alloys by inducing qualitative casting with low
shrinkage problems and beneficial microstructural characteristics. This casting technique, as well as the
solution heat treatment process, plays a positive role in modifying the morphology of forming spheroid
Si phases and fragmented iron intermetallic phases [1–4]. Due to the well-known characteristics of
A357 semi solid alloys, they are used in fabrication of automotive parts, i.e., suspension control arm.
The most common problems in these parts are mostly related to mechanical failure issues that may
be affected by the surface quality due to hardness problems and by the strength and ductility of
such alloys. The thermal treatment parameters, temperatures, and times have a significant effect on
enhancing the performance of the alloys investigated [4,5].
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The thermal treatment is considered to be the most important operation in the final fabrication
process in the automotive industry to obtain the best combination of strength and ductility to make
the metal better suited, structurally and physically, for specific applications. Traditional heat treatment
procedures use continuous steps of the solution heat treating and continuous aging stages of a standard
T6 or T7 heat treatment process. The standard T6 and T7 tempers have a specific sequence of steps
starting with solution heat treatment and water quenching, and ending by the artificial thermal
aging of different temperatures and times. The thermal aging treatment increases the strength at the
expense of ductility depending on specific parameters. The aging temperature and time are the main
parameters controlling the characteristics of the phases precipitated during aging treatment as well
as the performance of these alloys [6–8]. Another study [8] using SEM microscopy showed that the
solution heat treatment parameters, mainly temperature and times, have a significant effect on the
morphology of Si and Fe intermetallic phases. The solution heat treatment enhances the ultimate
tensile strength and ductility by dissolving most of the hardening soluble elements in the matrix, while
thermal aging enhances the yield strength of Al-Si-Mg semi solid alloys at the expense of ductility.
The T7 over aging treatment aims at reducing residual stress while increasing the performance of
the alloy. The standard T6 and T7 tempers accelerate the aging rate by heat treating the product at
higher temperatures of 150 to 230 ◦C, respectively, for specific times ranging from four to 10 h. The
main strengthening phases formed out of solid solution of Al-Si-M alloys are known as Nano-sized
precipitates of β-Mg2Si phases identified using transmission, TEM, and electron microscopy. The
Al-Si-Mg semi solid alloys may be naturally aged at room temperature, namely T4 temper, for long
times which are effective when ranging from 12 h to 72 h. The longer the natural aging stage, the more
adversely affected the mechanical properties will be [9–11]. The maximum hardening response occurs
when an alloy microstructure contains a combination of GP zones and well-dispersed semi-coherent
precipitates. Greater hardening is possible provided an increase in the uniform dispersion of
one or more of these phases is attained. This is possible with the use of multiple thermal aging
treatments [12,13]. The transmission electron microscopy, TEM, research provides information about
the crystal structure, size, shape and distribution of the precipitates that are necessary parameters
to understand precipitation hardening. One of the disadvantages of TEM studies is that the volume
that can be analyzed per sample is small, around 10−20–10−18 m3 [14,15]. Moreover, the electrical
conductivity measurements may have been successfully used in the evaluation of strengthening phases’
evolution due to applying of natural and artificial aging treatments [15,16]. The present study was
conducted to provide a better understanding of the effects of multiple and interrupted thermal aging
on the electrical, microstructural, and mechanical characteristics of A357 aluminum semi solid alloys.

2. Materials and Methods

The materials were prepared using the SEED semi-solid casting process from A357 aluminum
alloy billets (Al-7%Si-0.6%Mg-0.1%Fe). The alloys, received in the form of ingots, were melted in a
silicon carbide crucible of 150-kg capacity, using an electric resistance furnace (Pyradia, Saint-Hubert,
QC, Canada). The molten metal of the desired composition is transferred to a vessel whose thermal
mass is sufficient to cool the melt. The vessel and its contents are swirled at 200 RPM, where the swirled
enthalpy equilibration device process involves two main steps, at first, the heat is extracted to achieve
the desired liquid-solid mixture, and then excessive liquid is drained to produce a self-supporting
semisolid slug that is formed under pressure. The principal is based on achieving rapid thermal
equilibrium between the metallic container and the bulk of the metal by proper process parameter
selection such as pouring temperature, eccentric mechanical stirring, and drainage of a portion
of eutectic liquid. The SEED process is coupled with a high pressure die casting (HPDC) press
to produce cutting standard samples of A357 semi-solid alloys of suspension control arm, used for
material characterization, mainly Vickers-micro hardness, electrical conductivity measurements, tensile
properties, and microstructure evolution using TEM and SEM microscopy.
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Heat treatment was applied using several heat treatment cycles, as shown in Table 1. The heat
treatment process was carried out in an electric resistance furnace with a maximum temperature
deviation of less than 1 ◦C. Table 1 indicates the heat treatment cycles applied on the samples of alloys
investigated. The samples are initially subjected to two steps of solution heat treatment process in an
electric resistance furnace to the isothermal holding temperatures of 470 ◦C for 1 h and of 540 ◦C for 5 h.
The two steps of solution heat treatment process is to avoid the incipient melting of strengthened Mg2Si
phases with complete dissolution in the aluminum matrix while trying to dissolve and/or fragment
the Fe intermetallic phases at higher temperatures for longer times. The samples are subsequently
quenched in water maintained at 60 ◦C. The samples are then subjected to a natural ageing process
in room temperature for 24 h. Specific samples, of micro-hardness and electrical conductivity, were
quenched directly into the aging media after solution heat treatment process for comparison. The direct
quenching into the aging media was related to the hot air quenching media for all thermal aging cycles
investigated. Thermal aging cycles are applied regarding Table 1. The thermal aging cycles in this work
were divided into three categories, mainly T6/T7 aging treatment (A cycles), T7/T6 aging treatment
(B cycles), and T6/T4/T7 interrupted aging treatment (C cycles) for specific times. The application of
multi-temperature aging treatments aims at producing a compromise of strength levels comparable to
those obtained from a T6 standard temper, yet with increased ductility, equal to or greater than that
attained from a T7 temper. The aging treatment is applied to precipitate an excess amount of Mg and
Si out of the supersaturated solid solution in the form of hardening phases containing Mg and Si. The
decomposition of the supersaturated solid solution may involve the formation of independent clusters
of Si and Mg, followed by co-clusters of both Si and Mg, coherent needlelike GP zones, coherent
needle-shaped β”, coherent rod-shaped β”, and the incoherent plate-shaped β-Mg2Si phase [15–17].

Table 1. Multiple thermal aging cycles employed for A357-SSM alloys.

Heat Treatment Regimes

Aging Cycles ID SHT * Quench Age 1 Age 2 Age 3

SHT
470 ◦C, 1 h

+
540 ◦C, 5 h

60 ◦C water - - -

A: Multiple Aging cycles (T6/T7)

WA0 (T6/T7)

470 ◦C, 1 h
+

540 ◦C, 5 h
60 ◦C water

150 ◦C–2 h 230 ◦C–0 h -

WA1 (T6/T7) 150 ◦C–2 h 230 ◦C–1 h -

WA3 (T6/T7) 150 ◦C–2 h 230 ◦C–3 h -

WA5 (T6/T7) 150 ◦C–2 h 230 ◦C–5 h -

WA8 (T6/T7) 150 ◦C–2 h 230 ◦C–8 h -

B: Multiple Aging cycles (T7/T6)

WB0 (T7/T6)

470 ◦C, 1 h
+

540 ◦C, 5 h
60 ◦C water

230 ◦C–2 h 150 ◦C–0 h -

WB1 (T7/T6) 230 ◦C–2 h 150 ◦C–1 h -

WB3 (T7/T6) 230 ◦C–2 h 150 ◦C–3 h -

WB5 (T7/T6) 230 ◦C–2 h 150 ◦C–5 h -

WB8 (T7/T6) 230 ◦C–2 h 150 ◦C–8 h -

C: Interrupted Aging cycles (T6/T4/T7)

WC1 (T6/T4/T7)

470 ◦C, 1 h
+

540 ◦C, 5 h
60 ◦C water

150 ◦C–1 h
190 ◦C–1 h

+
25 ◦C–24 h

230 ◦C–2 h

WC2 (T6/T7/T7) 150 ◦C–1 h 190 ◦C–1 h 230 ◦C–2 h

WC3 (T6/T4/T7)
150 ◦C–3 h

+
25 ◦C–24 h

190 ◦C–2 h 230 ◦C–1 h

* SHT: Solution Heat treatment.
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The tensile test bars were cutting from the control arm of A357 semi solid alloys according to
the standard dimensions of sub-sized specimens ASTM-E8M; each with a gauge length of 25 mm
and a width of 6 mm. The heat-treated test bars, five samples for each thermal cycle condition, were
pulled to fracture at room temperature at a strain rate of 1 × 10−4/s using a Servo hydraulic MTS
Mechanical Testing machine (Instron, Norwood, MA, USA). The tensile properties, mainly ultimate
tensile strength (UTS), yield strength (YS), and elongation (%Ef) were determined per heat treatment
cycle. Vickers hardness test (ASTM:E384) of the aged samples was carried out on a model HV-10B
instrument (Instron, Norwood, MA, USA) under a load of 4.9 N. The dimensions of the disc shaped
specimens used for micro hardness measurements (Vickers hardness HV) are 15 mm diameter and
3 mm thickness. Each HV value is obtained from the average of at least 10 readings distributed
over the whole surface of the specimen. The electrical conductivity was measured, with an SMP10
type conductivity meter, by the average of five readings for each thermal treatment cycle. Scanning
electron microscopy (SEM, JSM-6480 LV, JEOL, Tokyo, Japan) was used to study the effect of semisolid
casting and solution heat treatment on the characteristics of intermetallic phases, namely Si and Fe
phases, of A357 alloys. Samples of A357 alloys were used to indicate the size and distribution of the
Mg2Si strengthening phases relating to the different thermal aging parameters of specific multiple and
interrupted thermal aging conditions, by means of TEM.

Metallographic specimens were cut and polished using standard procedures for
scanning/transmission electron microscopy (TEM, JEM-2100, JEOL, Tokyo, Japan), SEM/TEM, and
samples preparation. The TEM samples of thin foils, of 60 µm thickness and 3 mm diameter, were
prepared by grinding and electro-polishing using Twin-Jet device using nitric acid and methanol
(EMS, 550D, Hatfield, PA, USA) at −30 ◦C with a current of ~0.15 A. Four TEM samples were prepared
for the specific thermal aging cycles investigated.

3. Results and Discussion

3.1. Electrical Conductivity and Micro-Hardness

Figures 1 and 2 show the electrical conductivity and the micro hardness measurements of A357
aluminum semi solid alloys subjected to multiple thermal aging treatments using water quenching
(60 ◦C) and direct quenching-aging media, respectively. The measurement of electrical conductivity
may be considered to be an indirect technique to understand the nature and distribution of the
precipitates in the heat-treated alloys. Regarding Figures 1 and 2, it is clearly observed that the
electrical conductivity is responsive to the application of multiple aging cycles T6/T7 (Ai conditions)
and T6/T7 (Bi conditions), compared to A0 and B0 conditions. This can be explained by the fact that
the electrical conductivity is highly affected by the quantity of solute in the matrix [16,17].

Regarding the electrical conductivity, it may be noted by that the values of solution heat-treated
alloys (SHT) decreased slightly after applying T6 aging condition for 2 h. The electrical conductivity
values started to highly increase by directly following the T6 aging by T7 aging cycles, Ai (T6/T7)
conditions. The electrical conductivity measurements indicated a continuously increase as the duration
times of applied T7 s step aging increase until 8 h (A1 to A8 conditions). In comparison, the electrical
conductivity measurements returned to lower values with the application of low temperature aging
(T6) cycle following higher temperature aging (T7) cycle and Bi (T7/T6) conditions. In addition, the
electrical conductivity indicated a continuous decrease with the increase of the aging times of the
applied T7 s step aging cycles until 8 h (B1 to B8 conditions). The electrical conductivity measurements
did not show a significant difference by the application of interrupted thermal aging cycles of Ci

conditions and/or by the application of direct quenching-aging media. It is well known that the
addition of specific alloying elements into an aluminum matrix reduces its electrical conductivity.
Hence, the alloy that is in a solid solution state shows the lowest value. The solution heat treatment
process exhibits the lowest conductivity since the quenching process retains all the alloying elements in
solid solution at room temperature. By the application of under aging treatment A0, the conductivity
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initially decreases further low due to the formation of closely spaced GP zones and semi coherent fine
precipitates. As the ageing progresses at higher temperature for longer times (A1–8), the precipitates
coarsen due to the effect of diffusion. The formation of equilibrium and coarse incoherent precipitates
at high temperature aging and/or long time leads to the loss of solutes in the matrix. In addition,
formation of coarse precipitates, at the expense of interspacing, leads to the wide spacing between
the precipitates. These two factors contribute to the increase of conductivity of A357/Al–Si-Mg
alloys [15–18]. The reason for this discrepancy might be an additional contribution into the electron
scattering of elastic strain fields, which normally exist near the GP zones coherently conjugated with
a metal matrix. This assumption is well supported by the fact that the formation of semi coherent
intermediate phase results in a significant increase in electrical conductivity values. Another reason
contributing to the above discrepancy might be related to some diffraction effects, which normally
accompanies scattering of electron waves and are likely to be maximally seen at a certain stage of the
formation of ordered atomic structure in clusters [19,20]. Thus, the precipitate size and distributions in
the alloy can be easily analyzed by just measuring electrical conductivity values.

Regarding the micro hardness measurements, it can be noted that the hardness values are
significantly responsive to thermal aging cycles; the hardness increases with the application of T6 under
aging condition after 2 h, compared to solution heat treated alloys, SHT cycle. However, the application
of multiple aging cycles of T6/T7-A1,3,5,8 conditions leads to a significant decrease of hardness values
compared to T6-under aging A0 thermal treatment conditions. This continuous decrease in the
micro-hardness values is related to the effect of high temperature of applied T7 aging cycle as a second
step which may lead to the coarsening of formed precipitates, mainly larger-wide spaced precipitates.
It was noted that a significant re-increase of micro-hardness values by the application of multiple
thermal aging cycles (T7/T6) of B1,3,5,8 conditions compared to the T7 over aging condition of B0
thermal cycle. The micro-hardness values increased continuously till 5 h of the T6 s step aging; the
values decreased after 8 h of thermal aging, as shown by B8 cycle in Figures 1 and 2. In addition to
under aging cycle A0 and multiple thermal aging B5 cycle, the application of interrupted thermal
aging C3 cycles indicated an enhancement of micro-hardness values compared to solution heat treated
samples (SHT). The re-increase of hardness values, after following the T7 aging directly with the
T6 condition of B1,3,5 cycles, may be related to the formation of smaller size, semi coherent type, of
Mg2Si precipitates. These semi coherent precipitates may be formed in the interspacing between the
coherent precipitates that are previously formed after T7 over aging treatment. This may be confirmed
by electrical conductivity measurements. As the spacing between particles and/or precipitate size
increases, the alloy loses its strength properties due to dislocation bowing (over looping) mechanisms.
The dislocation motion is no longer effectively blocked or resisted by the presence of coarse-widely
spaced precipitates which is leading to the earlier yielding of the alloy. It is well known that particles of
intermediate semi coherent phases mainly contribute to alloy hardening, while reorganisation of such
intermediate phase precipitates into a stable phase results in lower strength characteristics, hardness
in particular [19–21]. In addition, an obvious reverse relationship between the electrical conductivity
and the micro hardness values is relating to the effect of different heat treatment cycles applied in this
study. Other studies [21,22] have noticed that there is a non-linear correlation of electrical conductivity,
hardness and strength for Aluminum alloys. It was also noted that the micro-hardness values were
decreased by the application of direct quenching in the aging media compared to the water quenching
media at 80 ◦C. The direct quenching-aging media indicated a negative effect on the formation of
Mg2Si precipitates. This was clearly indicated by the application of micro structure characterization,
using SEM microscopy, indicated in this study.
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Figure 1. Hardness and electrical conductivity of water quenching A357-SSM heat treated using
multiple thermal aging treatments.
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Figure 2. Hardness and electrical conductivity of direct hot air quenching-aging of A357-SSM heat
treated using multiple thermal aging treatments.

3.2. Tensile Properties

Figures 3 and 4 indicate the tensile strength and elongation values, respectively, obtained by the
application of multiple thermal aging cycles. From Figure 3, it is seen that the application of multiple
A1-T6/T7 aging cycle, multiple B5-T7/T6 aging cycle and interrupted C3 aging cycle, yields higher
strength values than nearly all applied thermal aging cycles. The strength values obtained in this
study are slightly lower than those obtained by applying T6 standard thermal treatment (316 MPa
for UTS, 265 MPa for YS), according to the literature in References [10–15]. However, the application
of A1 (T6/T7) and C3 (T6/T4/T7) aging cycles indicated nearly all strength values (290 MPa for
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UTS, 260 MPa for YS and 302 MPa for UTS, and 288 MPa for YS, respectively) to T6 standard aging.
In addition, the application of multiple thermal aging treatments of Ai cycles indicated an enhancement
in the elongation results (8–10% for A1,3,5,8 cycles and 15% for A0 under raging cycle), compared to
those obtained by standard T6 aging treatment (4–6%) according to the literature in References [10–15],
as shown by Figure 4.
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The decrease in strength values of T6/T7 multiple thermal aging of A1,3,5,8 cycles, compared
to under aging A0 cycle, may be attributed to the increase in the precipitates size as well as the
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inter-particle spacing between precipitates, which makes dislocation bowing much easier [15–19]. The
decrease in the strength of the 356 alloy, accompanying the over-aging, is related to the loss of the
coherency strain surrounding the precipitates through the formation of incoherent, stable β-Mg2Si
phases. In addition to the loss of coherency, the longer aging time at 230 ◦C, second step aging
results in the coarsening of the large precipitates at the expense of the small ones. This coarsening
effect produces a lower density of the widely dispersed, coarse precipitates. These changes in the
precipitates the features reduce the resistance to dislocation motion through the metal matrix and
lead to a deformable soft matrix. On the other side, the T7/T6 multi-temperature aging of B1,3,5,8

cycles produce an increase in strength values by increasing the T6-s stage aging times, as compared
to a T7 over aging B0 temper alone (i.e., with no subsequent T6 aging stage). At the temperature
of the second aging stage (150 ◦C), the T7-treated alloy microstructure may have been refined by
the T6 treatment into a fine dispersion of semi-coherent clusters of Mg2Si strengthening phase. The
difference in strength values at 5 h in the second T6 aging step, and that obtained at 8 h, may be
that the incoherent precipitates appearing after 5 h and disappearing later due to the dissolution of
the precipitates and homogenization of the matrix. However, as diffusion/precipitation processes
are affected by the aging temperature, the precipitates appear in the aluminum matrix only after
an extended aging time [19,21,22]. Regarding the elongation values in Figure 4, it may be seen that
the ductility is improved after the multi-temperature treatments of Ai cycles. This behavior is to
be expected since the corresponding strength values are lower, compared to the standard T6 aging
thermal treatment values. This difference may be related to the formation of coarser precipitates with
a lower density in the matrix, and displaying large inter-particle spacing. These changes facilitate
dislocation motion and results in softening effects, thus producing increased ductility, as compared
to standard T6 single stage aging. The second stage of the aging (T6-aging) is applied to the T7 heat
treated alloys (Bi Cycles) to improve the strength results; the application of T7 aging step following
the T6 step of Ai thermal aging cycles leads to achieving an optimum compromise between strength
and elongation values, as compared to those results [11–18] obtained by the application of standard
T6 and/or T7 thermal aging. In addition, the optimum compromise between hardness, strength, and
ductility values obtained in this study aimed at enhancing the crack-failure resistance of the A357 semi
solid alloys used in the fabricating of automotive parts as a suspension control arm.

3.3. Microstructure Characterization

3.3.1. SEM Analysis

Regarding the microstructure characteristics, Figure 5 shows the scanning electron micrographs
of A357-T4 semi-solid casting, heat-treated using water quenching media, compared to hot air-direct
quenching into an aging medium. These micrographs indicated the positive effects of semi solid-SEED
casting technique in addition to the solution heat treatment, T4, on the microstructure characteristics of
A357 aluminum alloys. It may be noted the positive effects of semi-solid casting process and solution
heat treatment on the morphology of intermetallic phases, mainly Si and Fe. The β-Al5FeSi and
π-Al8Mg3FeSi6 iron intermetallic formed in such alloys, were identified using the EDX spectra.



Metals 2018, 8, 746 9 of 14

Metals 2018, 8, x FOR PEER REVIEW  9 of 14 

 

3.3. Microstructure Characterization 

3.3.1. SEM Analysis 

Regarding the microstructure characteristics, Figure 5 shows the scanning electron micrographs 

of A357-T4 semi-solid casting, heat-treated using water quenching media, compared to hot air-direct 

quenching into an aging medium. These micrographs indicated the positive effects of semi solid-

SEED casting technique in addition to the solution heat treatment, T4, on the microstructure 

characteristics of A357 aluminum alloys. It may be noted the positive effects of semi-solid casting 

process and solution heat treatment on the morphology of intermetallic phases, mainly Si and Fe. The 

β-Al5FeSi and π-Al8Mg3FeSi6 iron intermetallic formed in such alloys, were identified using the EDX 

spectra. 

 

(a) Water Quenching (T4) A357-SSM 

 

(b) Water Quenching (T4) A357-SSM 

 

(c) Air Quenching (T4) A357-SSM 

 

(d) Air Quenching (T4) A357-SSM 

 

 

 

 

 

 

 

 

 

(e) EDX Spectrum (β-Fe phase) 

 

 

 

 

 

 

 

 

 

(f) EDX Spectrum (π-Fe phase) 

β-Fe phase 

Si phase 

Fragmented 

π-Fe phase 

π-Fe 

Phase 

β-Fe phase 

π-Fe 

Phase 

Mg2Si 

Mg2Si 

Si phase 

Metals 2018, 8, x FOR PEER REVIEW  10 of 14 

 

 

 

 

 

 

 

 

 

(g) Air Quenching (T4) A357-SSM 

 

 

 

 

 

 

 

 

(h) EDX Spectrum (Mg2Si phases) 

Figure 5. SEM micrographs of T4 heat treating A357-SSM using water quenching versus direct hot air 

quenching-aging media. (a) Water Quenching (T4) A357-SSM, (b) Water Quenching (T4) A357-SSM, 

(c) Air Quenching (T4) A357-SSM, (d) Air Quenching (T4) A357-SSM, (e) EDX Spectrum (β-Fe phase), 

(f) EDX Spectrum (π-Fe phase), (g) Air Quenching (T4) A357-SSM, (h) EDX Spectrum (Mg2Si phases). 

Figure 5a–d shows the spheroidization of both π-Fe phases and acicular Si particles. In addition, 

the fragmentation of β-Fe phases may be noted, which in turn improves the mechanical 

characteristics of A357 alloys. These effects on the morphology of such intermetallic phases are 

related to the positive role of the semi-solid casting process. The detrimental effect of these 

intermetallic phases is related to iron platelet-like and needle shapes that induce high stress 

concentrations and constitute a stress raiser resulting in negative effects on the mechanical 

performance of alloys investigated [23,24]. The solution heat treatment for 6 h nearly results in the 

complete dissolution of Mg2Si phases and partial fragmentation of Fe-phases that are hardly 

dissolved in the matrix. The water quenching medium indicated better microstructure characteristics, 

Figure 5a, b, compared to those obtained by hot air direct quenching-aging medium, Figure 5c,d,g. It 

may be noted the formation of Mg2Si phases out of the matrix after the solution heat treatment 

procedures by applying T4 thermal aging using hot air direct quenching-aging medium. These 

phases of Mg2Si are identified by using EDX analysis, as shown in Figure 5h by EDX spectrum. These 

formed black Mg2Si phases out of the aluminum matrix lead to the decrease of Mg phases into the 

matrix, which are necessarily required for the precipitation of Nano strengthening phases of Mg2Si 

after the application of T6 artificial thermal aging treatments. In addition, these formed phases out of 

matrix may act as nucleating sites for oxides which have detrimental effects on the mechanical 

characteristics of the alloys investigated. This was clearly indicated by the decrease of hardness 

values for the A357 semi solid alloys subjected to multiple thermal aging treatments using hot air as 

a direct quenching-aging media, as compared to those alloys heat treated using water quenching 

medium, as shown in Figures 1 and 2. The reduction in hardness values with a reduced quenching 

rate may be related to the formation of Mg2Si phases out of the matrix and to amount of vacancies 

present. Upon quenching from the solution temperature, vacancies are retained in the Al matrix. It 

should be noted that the lower the vacancy concentration, the slower the resultant aging process and 

the higher the related transformation temperature for GP zone formation and precipitation [11,15,18]. 

It has been investigated, by several studies [4,8,11,25] applied on Al-Si-Mg alloys, that the high 

cooling rate from water quenching results in the greatest concentration of vacancies; these vacancies 

act as nucleation sites for precipitates. Conversely, hot air quenching provides the lowest strength 

values due to the low cooling rate and low heat transfer rate. The air quenching technique has been 

employed for automobile castings such as cylinder blocks and heads which are fitted with cast iron 

liners, where the slow air quench is suitable due to the difference in the quench characteristics of iron 

and aluminium. Several factors affect the feasibility of air quenching, such as airflow, air quench 

temperature, and casting configuration. However, the use of a hot air quenching system, the materials 

lose a certain amount of energy on cooling from the solution to the aging temperature inside the 

furnace resulting in a significant decrease in the mechanical performance due to the low quality of 

microstructure characteristics. 

Mg2Si 

Figure 5. SEM micrographs of T4 heat treating A357-SSM using water quenching versus direct hot air
quenching-aging media. (a) Water Quenching (T4) A357-SSM, (b) Water Quenching (T4) A357-SSM,
(c) Air Quenching (T4) A357-SSM, (d) Air Quenching (T4) A357-SSM, (e) EDX Spectrum (β-Fe phase),
(f) EDX Spectrum (π-Fe phase), (g) Air Quenching (T4) A357-SSM, (h) EDX Spectrum (Mg2Si phases).
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Figure 5a–d shows the spheroidization of both π-Fe phases and acicular Si particles. In addition,
the fragmentation of β-Fe phases may be noted, which in turn improves the mechanical characteristics
of A357 alloys. These effects on the morphology of such intermetallic phases are related to the positive
role of the semi-solid casting process. The detrimental effect of these intermetallic phases is related
to iron platelet-like and needle shapes that induce high stress concentrations and constitute a stress
raiser resulting in negative effects on the mechanical performance of alloys investigated [23,24]. The
solution heat treatment for 6 h nearly results in the complete dissolution of Mg2Si phases and partial
fragmentation of Fe-phases that are hardly dissolved in the matrix. The water quenching medium
indicated better microstructure characteristics, Figure 5a,b, compared to those obtained by hot air
direct quenching-aging medium, Figure 5c,d,g. It may be noted the formation of Mg2Si phases out
of the matrix after the solution heat treatment procedures by applying T4 thermal aging using hot
air direct quenching-aging medium. These phases of Mg2Si are identified by using EDX analysis,
as shown in Figure 5h by EDX spectrum. These formed black Mg2Si phases out of the aluminum
matrix lead to the decrease of Mg phases into the matrix, which are necessarily required for the
precipitation of Nano strengthening phases of Mg2Si after the application of T6 artificial thermal aging
treatments. In addition, these formed phases out of matrix may act as nucleating sites for oxides which
have detrimental effects on the mechanical characteristics of the alloys investigated. This was clearly
indicated by the decrease of hardness values for the A357 semi solid alloys subjected to multiple
thermal aging treatments using hot air as a direct quenching-aging media, as compared to those
alloys heat treated using water quenching medium, as shown in Figures 1 and 2. The reduction in
hardness values with a reduced quenching rate may be related to the formation of Mg2Si phases out
of the matrix and to amount of vacancies present. Upon quenching from the solution temperature,
vacancies are retained in the Al matrix. It should be noted that the lower the vacancy concentration,
the slower the resultant aging process and the higher the related transformation temperature for GP
zone formation and precipitation [11,15,18]. It has been investigated, by several studies [4,8,11,25]
applied on Al-Si-Mg alloys, that the high cooling rate from water quenching results in the greatest
concentration of vacancies; these vacancies act as nucleation sites for precipitates. Conversely, hot
air quenching provides the lowest strength values due to the low cooling rate and low heat transfer
rate. The air quenching technique has been employed for automobile castings such as cylinder blocks
and heads which are fitted with cast iron liners, where the slow air quench is suitable due to the
difference in the quench characteristics of iron and aluminium. Several factors affect the feasibility
of air quenching, such as airflow, air quench temperature, and casting configuration. However, the
use of a hot air quenching system, the materials lose a certain amount of energy on cooling from
the solution to the aging temperature inside the furnace resulting in a significant decrease in the
mechanical performance due to the low quality of microstructure characteristics.

3.3.2. TEM Analysis

Several studies have investigated the precipitation of the Mg2Si in Aluminum alloys by
transmission electron microscopy (TEM) [10–15]. However, little research work involving TEM study
of A357 and Al-Si-Mg, semi solid casting alloys, which have been applied specifically for multiple
thermal aging treatments. TEM research may provide information about the crystal structure, size,
shape, and distribution of the precipitates that are necessary parameters to understand precipitation
hardening. One of the disadvantages of TEM studies is that the volume that can be analyzed per
sample is small, around 10−20–10−18 m3 [13–15]. The strengthening precipitates formed at specific
multiple thermal aging treatments, for A357 semi solid alloys, are shown in Figure 6.



Metals 2018, 8, 746 11 of 14

Metals 2018, 8, x FOR PEER REVIEW  11 of 14 

 

3.3.2. TEM Analysis 

Several studies have investigated the precipitation of the Mg2Si in Aluminum alloys by 

transmission electron microscopy (TEM) [10–15]. However, little research work involving TEM study 

of A357 and Al-Si-Mg, semi solid casting alloys, which have been applied specifically for multiple 

thermal aging treatments. TEM research may provide information about the crystal structure, size, 

shape, and distribution of the precipitates that are necessary parameters to understand precipitation 

hardening. One of the disadvantages of TEM studies is that the volume that can be analyzed per 

sample is small, around 10~20–10~18 m3 [13–15]. The strengthening precipitates formed at specific 

multiple thermal aging treatments, for A357 semi solid alloys, are shown in Figure 6. 

 

(a) Thermal Aging Cycle, T7/T6 (WB5) 

 

(b) Electron diffraction pattern, direction [001] 

 

(c) Thermal Aging Cycle, T7/T6 (WB8) 

 

(d) Electron diffraction pattern, direction [001] 

 

(e) Thermal Aging Cycle, T6/T4/T7 (WC3) 

 

(f) Electron diffraction pattern, direction [001] 

Mg2Si  

Mg2Si 

Figure 6. TEM micrographs showing the formation of different sizes of Mg2Si precipitates of A357-SSM
heat treating by multiple and interrupted thermal aging cycles. (a) Thermal Aging Cycle, T7/T6 (WB5),
(b) Electron diffraction pattern, direction [001], (c) Thermal Aging Cycle, T7/T6 (WB8), (d) Electron
diffraction pattern, direction [001], (e) Thermal Aging Cycle, T6/T4/T7 (WC3), (f) Electron diffraction
pattern, direction [001].

The TEM microstructures of aged alloys contain fine precipitates of Nano-sized Mg2Si; these
phases were identified by their electron diffraction patterns for miller indices of directions [020] and
[200]. The specific multiple thermal aging conditions were selected, for TEM analysis, based on the
interesting values of electrical conductivity, micro-hardness and tensile properties to indicate the
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influence of multiple thermal aging treatments on the characteristics of Mg2Si strengthening particles.
These characteristics include the variable sizes and density of such hardening phases due to the
application of multiple and interrupted thermal aging treatments, mainly T4, T6, and T7 tempers.
The TEM microstructures of such specific aging cycles contain Mg2Si precipitates of different sizes
ranging from 10 nm to 200 nm. The TEM micrograph indicates the presence of two size types, namely
β” and β’, of Mg and Si phases of a ratio of 2:1 that were picked out from the matrix. The black
particles are Mg-Si containing precipitates that denote the presence of Mg2Si phase, whereas the dark
coarse particles are silicon precipitates formed during the aging procedure in the final stage of phase
transformation. The precipitation of silicon in the Al-Si-Mg alloys was reported by References [26,27]
where it was observed that silicon precipitates form during the aging cycle in the final stage of the
phase transformation process. The microstructures reveal the Mg2Si as uniformly distributed phases of
spherically-shaped particles (vertical z-direction) and of rod/needle-shaped ones; such spherical Mg2Si
particles were also observed in other studies [15,28]. It was difficult to see, even by TEM, any Mg2Si
precipitates formed by applying T6 aging cycle of two hours; such short time aging heat treatment
produces tiny precipitates of Nano sized particles of Mg2Si formed as clusters or as GP zones that
explain the highest hardness values after T aging condition. Regarding the aging cycle of T7/T6, the
difference in particle sizes clearly implies the formation of two precipitates size types that may be
identified mainly as β” and β’. In addition to the large size of precipitates formed by first step aging
T7 cycle, the small size precipitates obtained by second step T6 aging cycle explains the increase in
hardness values compared to those formed by T6/T7 aging cycles. Regarding to multiple aging cycles
applied in this work, Figure 6 and Table 2 showed that there are two and/or three different sizes of
Mg2Si for the heat treatment cycle investigated.

Table 2. Average length of the Mg2Si precipitates of A357-SSM alloys.

Thermal Aging Cycles Average Length, nm

WB5 (T7/T6) 10.5 ± 1.4 nm 46.27 ± 0.6 nm
82.42 ± 1.7 nm 199.12 ± 1.2 nm

WB8 (T7/T6) 28.1 ± 2.3 nm 56.7 ± 1.1 nm
98.47 ± 1.8 nm 245.21 ± 2.1 nm

WC3 (T6/T4/T7) 10.32 ± 1.4 nm 32 ± 1.1 nm
80.5 ± 2.1 nm 206.47 ± 1.9 nm

The size of such precipitates was measured using a software program connected to optical
microscopy as indicated by Table 2. It has been indicated by literatures [10–15,25–28] that the Mg2Si
precipitates size may range from 10 nm to 500 nm, mainly β” 10–20 nm, β’ 145 nm and β more than
500 nm, relating to the thermal aging parameters of different temperatures and times applied for
Al-Si-Mg alloys. Regarding the thermal aging cycles of B5 and B8 (T7/T6) conditions, the precipitates
size of B8 cycles showed a bigger size (length and thickness) compared to those obtained by B5
condition. This difference is related to the over-aging effect after 8 h of T6 thermal aging following
the 2 h of T7 step; this may clearly explain the decrease in strength and hardness results when going
from B5 to B8 thermal aging cycles, as shown in Figures 1–3. Regarding C3 thermal aging cycles,
it was indicated the formation of finer and well distributed precipitates compared to B5,8 thermal
aging cycles; this may also explain its highest strength and hardness results. A dense precipitation
of Nano-sized Mg2Si particles will impede the movement of dislocations through the matrix more
effectively, rendering the material stronger; when the precipitates are widely dispersed the dislocations
can cross between them. It was observed that there is still a high concentration of needlelike precipitates;
this behavior indicates that the under aging stage after the actual over-aging stage would be beneficial
to the material. The under aging, carried out at a lower temperature at 150 ◦C, will cause nucleation
of early metastable phases, which in turn will produce a smaller and better distributed stable phase,
thereby improving the mechanical properties of the material.
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4. Conclusions

1. The hardness results obtained after the T6 continuous aging treatment (WA0) of A357SSM alloys
are not improved by means of T6/T7 aging (A) cycles. However, the application of T6/T7 aging
(WA1) cycle and of T7/T6 aging (B) cycles improved the hardness and Tensile strength values
compared to T6 under aging (WA0) and T7 standard over aging (WB0) conditions, respectively.

2. The application of multiple aging (B) cycles (T7/T6) indicates a continuous increase in the
hardness and strength values with increasing the time of second thermal aging step till five,
followed by a decrease in its mechanical values (over-aging). The application of Interrupted
aging cycles (WC3) leads to increasing the strength values to be higher than those obtained by
most of the applied thermal treatment cycles.

3. The two steps thermal aging (WA1–8) cycles (T6/T7) indicated an improvement of ductility values
by increasing the time of the second step of thermal aging.

4. The electrical conductivity values increase continuously with increasing aging temperature by
applying T7 aging directly after T6 condition (T6/T7). In addition, there is a reverse relationship
between electrical conductivity and hardness values as relating to different aging cycles applied
in this study.

5. The water quenching of A357 SSM indicated higher hardness values compared to direct Air
quenching-aging alloys. The air quenching results in the formation of hardening Mg2Si phases
out of Aluminum matrix-solid solution (as shown in SEM microstructures) resulting in a negative
effect on the mechanical properties of Alloys investigated.

6. Regarding to the TEM observations, the application of interrupted aging (WC3) cycles and two
step T7/T6 aging (WB5 and WB8) cycles leads to formation of different precipitate sizes that are
mostly related to β” and β’ phases. The shorter/finer precipitates formed by applying T6 second
aging step, alongside the coarse precipitates size formed by T7 first step aging that resulted in a
significant increase in the hardness values compared to the T7 single step aging cycle (WB0).
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