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a b s t r a c t

The challenges commonly associated with conventional high pressure die casting (HPDC)

have led to increased interest in semi-solid metal (SSM) forming processes. In the present

study, semi-solid slurries of A356 alloy prepared by the Swirled Enthalpy Equilibration

Device (SEED) process were used for manufacturing components with complex shape by

using a high pressure die casting machine. The segregation phenomenon and the effect of

heat treatment on the microstructure evolution and mechanical properties were investi-

gated. The results showed that the alloy consists of primary spherical a-Al grains, sec-

ondary solidified a-Al grains, eutectic Si, iron-rich intermetallic phases and low porosities.

The microstructural investigations revealed that the eutectic Si particles underwent frag-

mentation, spheroidization and coarsening with increasing solution temperature.

Furthermore, the solution treatment results in the dissolution of the p-Al8FeMg3Si6 phase

and the growth of the b-Al5FeSi phase. The hardening peaks at 170 �C could be obtained

with ageing for 5 h. Due to both solution and precipitation strengthenings, the yield

strength, ultimate tensile strength and hardness of A356 alloy after heat treatment in-

crease significantly compared to those in the as-rheocast state: they reach 266 MPa,

343 MPa and 110 HV0.2, respectively. The analysis of fracture surfaces of rheo-HPDC sam-

ples in both the as-rheocast and the heat-treated states revealed a mixed mechanism of

dimples and quasi-cleavage. The microstructure inside the part was found to be quasi-

homogeneous while the segregation phenomenon in different zones of the part is

affected by die geometry during the filling process. The results imply that the SEED-HPDC
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process has the potential to be industrialized by implementing appropriate heat treat-

ments for producing complex components with good mechanical properties.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The increasing demand to produce lightweight and durable

automotive parts has a significant effect on the selection of

materials. Al-Si-Mg alloys are considered to be excellent

candidate materials for automotive applications, because of

their high strength-to-weight ratio, good castability and good

corrosion resistance [1]. However, the microstructure and

mechanical properties of as-cast components largely depends

on casting and heat treatment processes. Generally, the

microstructure of the as-cast components mainly consists of

primary a-Al dendrites, inter-dendritic irregular Al-Si eutectic

phases and other intermetallic phases. The coarse and irreg-

ular intermetallics as well as acicular Al-Si phase could

decrease the stress cracking resistance, resulting in poor

ductility and low strength [2]. These detrimental effects can be

controlled by suitable casting process and/or heat treatment

processes.

Compared with conventional high pressure die casting

(HPDC) process, semi-solid metal (SSM) forming as well as the

heat treatment could improve the strength while preserving

the high ductility of SSM components by modifying the

morphology of formed phases and intermetallics, which are

homogeneously distributed in thematrix [3,4]. In addition, the

laminar flow of semi-solid metal during die-filling could

reduce the level of entrapped gas and the shrinkage problems

during solidification, thereby avoiding blistering caused by gas

expansion during heat treatment at elevated temperature.

Consequently, semi-solid metal process has been considered

a valid alternative for producing sound Al-Si-Mg automotive

light-weight parts, such as control arms, engine brackets, etc.

[5]. Nowadays, between the twomain routes (rheo-casting and

thixo-casting) following the SSM process, the rheo-casting

approach holds the promise of being more cost effective

than thixo-casting, because of unnecessary specialized feed-

stock preparation and reusable of returns/scraps [6]. Re-

searchers have used various semi-solid slurry preparation

methods and combined with HPDC process to prepare prod-

ucts with good performance, such as gas induced semi-solid

process (GISS) [7], cooling slope [8], ultrasonic vibration pro-

cess (USV) [9], etc. The swirled enthalpy equilibrium device

(SEED) [10] is a simple, reliable, and cost-effective slurry

preparation method which allows producing components

with a wide range of aluminum alloys, such as A356, A201,

2618, 6063 and 7075 [11]. Additionally, it requires minimum

control while offering a relatively large operating window.

Based on rapid and controlled thermal equilibrium between a

metallic crucible and the bulk of molten aluminum by me-

chanical agitation, the semi-solid slurry with desired micro-

structure can be obtained with proper process parameters.

Liang [12] studied the influence of SEED process parameters on

microstructure of the A357 alloy and stated that the fine and

round microstructure could be obtained at low pouring tem-

perature. It was also found that the microstructure of the

slurry with low apparent viscosity could be refined by higher

convection strength resulted from increasing eccentric speed.

In addition, with the increase of swirl duration, the small

grains would dissolve, while big size grains keep growing via

the Ostwald ripening mechanism. In order to further improve

the efficiency of SEED process, the process and equipment

were optimized at General Research Institute for Nonferrous

Metals (GRINM GROUP, China), based on deep understanding

of thermodynamics and kinetic mechanisms of solidification

process during the slurry preparation [13]. The modified SEED

process can significantly decrease the radial temperature

gradient of the melt because of the slow cooling rates, facili-

tating more uniform slurry and more spherical microstruc-

ture. Based on the achievements above mentioned, the SEED

process was applied for the semi-solid slurry preparation in

this study.

Heat treatment is considered as an important operation to

obtain a good combination of strength and ductility of

aluminum casting components. The typical heat treatment

procedure applied to Al-Si-Mg alloys is T6 or T7, which con-

sists of solution treatment and quenching followed by artifi-

cial ageing at different temperatures and times. However, the

different microstructure and solidification history of SSM

components indicate that heat treatment conditions which

were optimized for conventionally cast materials may not

applicable to SSM components [14]. Investigations on the

microstructure evolution and mechanical properties of semi-

solid Al-Si-based alloys have been performed [15e17]. The

results show that homogenization of microstructure, frag-

mentation and spheroidization of eutectic Si and fine pre-

cipitates after heat treatment improve the mechanical

properties of alloys. However, the fraction, distribution and

morphology of the common intermetallic compounds (espe-

cially the iron-rich intermetallics) during semi-solid forming

process, which may result in inferior mechanical properties

[1], are less investigated.

The industrial fabrication of aluminum alloys components

with good mechanical properties and low cost remains a sig-

nificant target for rheo-casting process. The heat treatment

optimization andmaterial flow behavior have been frequently

reported by using relatively small samples processed with

simple die geometries. Therefore, the rheo-casting process for

further automotive component fabrication requires further

study. The aim of this study is to develop a rheo-HPDC process

for the fabrication of automotive limit block components for

further industrial application. The components were formed

through a HPDC machine on a commercial A356 alloy pre-

pared using the SEED process. The microstructure evolution

and the mechanical properties of the components were
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investigated as a function of different heat treatment pa-

rameters. In addition, the surface liquid segregation was also

analyzed and discussed.

2. Experimental methods

The material used for producing automotive components was

a commercial A356 aluminum alloy with a chemical compo-

sition of 6.45% Si, 0.41% Mg, 0.13% Fe, 0.007% Mn, 0.098% Cu,

0.05% Ti and Al balanced by mass, determined by a LAB M12

direct reading spectrometer (SPECTRO, Germany);. The soli-

dus and liquidus temperatures of the alloy were 559.5 �C and

614.8 �C, respectively, which were obtained by DSC tests. The

DSC samples of about 3 mm in diameter and 15.24 mg were

tested by using a NETZSCH-404c (NETZSCH, Germany) differ-

ential scanning calorimeter. The samples were heated to

700 �C and then cooled to room temperature at 10
�
C/min. The

solidus and liquidus temperatures were determined by using

tangent method, as outlined by the International Confedera-

tion for Thermal Analysis (ICTA).

The alloy of 100 kg was remelted at 720 �C in a resistance

furnace (SR2-25, Jiande Xin'anjiang Electric Control Equipment

Co., Ltd., China) and N-degassed for 30 min. Then the master

alloy (Al-5Ti-B) of 855 g was added into the melt at 690 �C for

grain size refinement. After holding at 620 �C in the furnace,

the melt of ~2.2 kg was transferred by means of a ladle and

poured into a preheated steel vessel (inner diameter of 78mm)

in order to get sufficient cooling of themelt to the desired solid

fraction and avoid thermal shock. During the SEED process

[11], the primary solid phase generated at the walls of the

vessel was evenly distributed throughout the vessel due to the

eccentricity of the swirl motion. After swirling for 100 s at a

rate of 150 rpm, the semi-solid slurry (~585 �C) was transferred

to the shoot sleeve of a HPDC machine (SC-N/34, Buhler,

Switzerland). The slurry was then injected into the die cavity,

with the plunger velocity of the HPDC machine being lower

than 1 m/s during the filling process. A pressure of ~800 bar

was applied and held for 20 s after the injection to ensure

high-integrity castings.

Following the rheo-HPDC process, the components un-

derwent heat treatment under specific conditions. The solu-

tion treatment was conducted in an electric furnace at 540 �C
(proposed by ASTM B 917), with temperature control of ±1 �C,
for various holding times and then quenched inwater at 60 �C.
The quenched components were then aged for different du-

rations, ranging from 2 to 9 h, at 170 �C.
Some tensile and microhardness samples were

electrodischarge-machined from the components (shown in

Fig. 1). Vickers hardness valueswere determined by usingMH-

3 (Shanghai Hengyi Precision Instrument Co., Ltd., China)

from the average of eight readings per sample by applying a

load of 200 gf and a dwell time of 15 s on polished samples

following standard GB/T 4340.1e2009. The dog-bone tensile

samples with a gauge length of 38 mm and 6 mm in diameter

were tested according to GB/T 228.1e2010 by using a universal

material testing machine (Zwick-Z250, ZwickRoell, German)

with a constant strain rate of 4.40�4 s�1 at room temperature

to obtain the tensile strength and elongation of the samples.

A microstructural characterization in various zones was

conducted using an optical microscope (Nikon LV100ND,

Nikon, Japan) and scanning electron microscope (SEM, SU-70,

Hitachi, Japan) after mechanical polishing and etching (Kel-

ler's agent). An electron probe micro analyzer (EPMA, JXA-

8530F PLUS, JEOL Ltd., Japan) and a transmission electron

microscope (TEM, Talos F200X, FEI, America) with an

Fig. 1 e Rheo-HPDC component: the samples were taken at various locations for mechanical tests and microstructure

observations.
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acceleration voltage of 200 kVwere used to observe secondary

phases and elements distribution. Quantitative image anal-

ysis was performed by using ImageJ software (V1.8.0; National

Institutes of Health, Bethesda, MD, USA). The solid fraction (Fs)

was estimated by measuring the volume fraction of the large

light gray a-Al grains, whichwere preserved during quenching

from semi-solid state. The average grain size (D) and average

shape factor (F) were determined by using the equations as

follows (Eq. (1) and Eq. (2)). The procedure for the estimations

was detailed in Ref. [18]. In addition, point counting method

(GB/T 15749-2008) was used to obtain static results of the Fe-

rich intermetallic compounds.

D¼SN
i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4Ai∕p

p

N
(1)

F¼SN
i¼1

ffiffiffiffiffiffiffiffi
4Ai

p
P2
i

(2)

WhereAi is the area grains, Pi is the perimeter of grains,N and

i are the number of grains.

3. Results

3.1. Materials in as-rheocast state

Non-destructive X-ray technique was used to assess the in-

ternal soundness of the formed parts. Fig. 2 compares the X-

ray radiographs of components produced using conventional

HPDC and rheo-HPDC process. The results indicate that the

parts produced by conventional HPDC contained large

amounts of white zones (Fig. 2(a)), which were identified as

voids. The porosity was attributed to the turbulent die-filling

in conventional HPDC. Furthermore, the laminar flow during

the die-filling of rheo-HPDC nearly eliminates gas entrap-

ment (Fig. 2(b)) and reduces shrinkage problems during

solidification.

The microstructure of the rheo-HPDC component at

different positions (described in Fig. 1) are shown in Fig. 3. The

microstructure exhibits the typical structure of rheo-cast Al-Si

alloy, which is composed of spherical or rosette-like primary

a-Al grains (average grain size of ~90 mm, and shape factor of

~0.76) in light gray surrounded by the eutectic network in dark

gray and secondary a-Al grains in light gray. The spheroid-

ization of primary a-Al grains in SEED process results from the

combined effect of the processing parameters. Upon pouring

the melt into the steel vessel, a large number of nuclei would

form on the vessel wall as a result of the rapid cooling. The

grains formed on the vessel wall can be dissociated by necking

and enter the melt due to the strong liquid convection [19]. At

this time, the volume fraction of primary a-Al grains increases

quickly and then stabilizes because of the thermal equilibrium

between the vessel and its contents. The SEED process results

in relatively homogeneous composition and temperature

fields, which limits the constitutional undercooling and

thereby leads to globular growth of a-Al grains. Qu et al. [20]

further studied the microstructural evolution mechanism of

the SEED process by using Phase-Field-Lattice-Boltzmann

scheme and stated that the morphology evolution during

semi-solid slurry preparation by SEED process was deter-

mined by the interaction between thermal-solute diffusion

and solid-liquid interface migration during solidification.

Besides the spherical and rosette-like grains, fine dendrites

or equiaxed grains are also observed, as presented in Fig. 3.

These fine grains (secondary a-Al grains) were formed from

the remaining liquid phase during solidification. During the

die filling process, the plunger pushed the primary a-Al grains

and liquid phase forward, causing it to enter the cavity

through the gate. Subsequently, the primary a-Al grains un-

derwent further evolution while the remaining liquid phase

underwent secondary solidification and eutectic reaction

within the die cavity, leading to the formation of secondary a-

Al and eutectic phases. The cooling rate played a crucial role in

determining the morphology of the grains, with fine equiaxed

and dendritic grains being formed depending on the cooling

rate. Liu et al. [21] also reported similar solidification charac-

teristics of Al-8Si-0.5Fe produced by rheo-diecasting process.

In addition, some voidswere observed in the alloy (Fig. 3), with

a porosity around 0.12%. It was also found that the voids

mainly distributed at the interface between the liquid and the

primary a-Al grains and were small shrinkage pores. Sec-

ondary phases are observed by EPMA, as shown in Fig. 4.

Coral-like eutectic Si phases and primary Si particles with

sharp edges and corners were observed, as shown in Fig. 4(a).

In addition, as-rheocastmicrostructures showed intermetallic

phases, which could be p-Al8FeMg3Si6, b-Al5FeSi and Mg2Si, as

Fig. 2 e 2D X-ray radiograph of limit block brackets produced by (a) conventional HPDC and (b) rheo-HPDC processes.
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shown in Fig. 4(bef). The p-Al8FeMg3Si6 phase was the domi-

nant phase throughout the range of compositions. Zhao et al.

[22] found that for Al-7Si-0.3Mg alloy, thep-Al8FeMg3Si6 phase

could easily be observed, while therewas little b-Al5FeSi phase

when Fe content is ~0.1 wt% in the permanent mold casting

state. Although b-Al5FeSi phase was not identified by EMPA,

there could be some, since the p-Al8FeMg3Si6 phase in gray

often grows in close association with b-Al5FeSi phase in black

during solidification [23], as shown in Fig. 4(a).

This work studied the variations of both microhardness

and solid fraction in different positions, as depicted in Fig. 3.

The materials with higher liquid fraction exhibited higher

hardness. Payandeh et al. [24] also suggested that the liquid

die cast Al-6Si-2Cu-Zn had a higher hardness than the rheo-

HPDC ones. This can be attributed to liquid segregation dur-

ing the rheo-HPDC process, where the former liquid zone

comprises a relatively higher eutectic phase enriched in

alloying elements. More quantitative results indicate that the

solid fraction is about 50% near liquid segregation zones

(zones 2, 5 and 7 in Fig. 3). The solid fraction in areas with

slight segregation is ~62% (zones 1, 3 and 8and positions 4 and

6 exhibit higher solid fraction (~0.75). However, the micro-

structure appears to be nearly homogeneous (zones 9 and 10),

excepted when considering the segregation zones. This

observation is consistent even in areas with obstacles (zones

11 and 12). The heterogeneous flow is attributed to the ge-

ometry of the part and the special flow behavior of the semi-

solid slurry during die filling, which will be discussed in

Section 4.1.

3.2. Microstructure after solution and ageing treatment

Fig. 5(aee) shows the change in the morphology of the phases

at different solution times. There is no coarsening effect on

Fig. 3 e OM images and hardness of as rheo-HPDC alloy in various zones.
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Fig. 4 e (a) OM image; (b) SEM back-scattered electron image; (cef) EPMA results of the distribution of Al, Si, Fe and Mg in

as-rheocast alloy.

Fig. 5 e Microstructures of the alloy at 540 �C for different solution time: (a) 1h, (b) 2h, (c) 3h, (d) 5h, (e) 6h and (f) the SEM

morphology of the intermetallic phases labeled A and B.
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the a-Al grains, since the solution-treated alloys show a

similar size to the as-rheocast condition. However, the sec-

ondary phases are considerably modified in size, volume

fraction and morphology. The morphology of Si particles can

be classified as three stages: fragmentation, spheroidization

and coarsening of eutectic Si. As shown in Fig. 5(a) and (b),

after 1 and 2 h of solution treatment, the as-rheocast eutectic

Si phase is fragmented into small round-shape particles due

to the reduction of the total Al/Si interfacial energy. As the

solution time increases from 3 to 5 h, smaller eutectic Si

particles combine to form coarse ones through the Ostwald

ripening mechanism. However, when the solution time is

extended to 6 h, the Si particles fracture, indicating the over-

burning phenomenon.

Fig. 5(f) shows the SEM morphology of the intermetallic

phases labeled A and B. The corresponding EDS results,

calculated based on atomic percentage, are shown in Table 1.

Ratios of Fe/Si and Mg/Si are also shown in Table 1. For the

point A, the Fe/Si atomic ratio of 1.06 and the Al/Si atomic ratio

of 5.36 are nearly consistent with b-Fe phase. In addition, for

the point B, the composition ratios of Fe/Si and Mg/Si of the

round intermetallic phase are almost identical to the reported

p phase, while the Al/Si ratio of 1.57 is higher than the ex-

pected 1.3. Considering the size of the interaction volume

created by the electron beam during the EDS analysis, the

influence of the elements from the surrounding aluminum

matrix has to be removed. Based on the approach [25] and the

results obtained by Yao and Taylor [26] for intermetallic phase

identification, these intermetallic phases could be b-Al5FeSi

(marked as A) and p-Al8FeMg3Si6 (marked as B). For compo-

sition determination with improved accuracy for these inter-

metallic phases in TEM, a thin foil standard with a

composition close to the current phases would be required.

The morphology of p-Al8FeMg3Si6 phase particles in the as-

rheocast state has transformed from needle-like to discrete

rounded particles, while the needle-like b-Al5FeSi phase par-

ticles remain in close proximity to the p-Al8FeMg3Si6 phase

particles, but do not directly contact with them. This suggests

that the b-Al5FeSi phase likely formed through a process of

dissolution followed by reprecipitation, rather than direct

transformation form p-Fe to b-Fe.

In addition, the dissolution of the p-Al8FeMg3Si6 phase and

the growth of the b-Al5FeSi phase are observed during solution

treatment. The quantitative results of the p-phase and the b-

phase were analyzed statistically. Fig. 6 compares the number

of occurrences of the p-Al8FeMg3Si6 phase and the b-Al5FeSi

phase for different solution times, considering a field of view

of about 2.8 � 105 mm2. As the solution time increases, the

number of the b-Al5FeSi phase gradually increases from ~150

in the as-rheocast state to ~325 after 6 h whereas the number

of the p-Al8FeMg3Si6 phase decreases from ~200 in the as-

rheocast state to ~50. Zhao et al. [22] compared the number

and volume fraction of Fe-rich intermetallic with different Fe

content, and found that the trends are similar. Accordingly,

we assume that the volume fraction of b-Al5FeSi phase in-

creases with solution time, in this study. The volume fraction

of the Fe-rich intermetallic phases is affected by both the Fe

content [27] and the cooling rate [28]. Taylor et al. [29] pointed

out that the solution treatment causes the transformation of

p-Al8FeMg3Si6 phase to the small clustered b-Al5FeSi phase

when the Mg content is low (0.3e0.4 wt%). In our case, during

the solution treatment process of the alloy from its as-

rheocast condition, it is possible for the Mg content in the

matrix around the p-Al8FeMg3Si6 phase to reduce, causing the

dissolution of p-Al8FeMg3Si6 phase and releasing Mg, Si, and

Fe into the aluminummatrix. As the diffusion coefficient of Fe

in Al is less than that of Mg in Al, the local Fe content is likely

to remain relatively high even as the Mg content reduces.

Then, the b-Al5FeSi phase forms and grows during the disso-

lution of p-Al8FeMg3Si6 phase.

The elements distribution after ageing was analyzed by

EPMA, and the results are shown in Fig. 7. The elements (Si

and Mg) distribution changed significantly (compared with

Fig. 4). It is obvious that the b-Al5FeSi phase in bright white

segregates with Fe and Si. Fig. 7(c) shows that the average

concentration of Si. The decrease in Si content in the sur-

rounding matrix, compared to the as-rheocast condition, is a

result of the precipitation of Si particles during heat treat-

ment. Similar results were also observed for Al-7Si-Mg [30]

and Al-9Si-3Cu [13] alloys. In addition, the average concen-

tration of Mg in the matrix increases owing to the dissolution

of Mg-containing phases, as presented in Fig. 7(e). The arti-

ficial ageing treatments induce no visible microscale effects

in the alloy. Therefore, precipitation in the aged specimens

was determined using bright field imaging and selected area

electron diffraction (SAED) analysis on TEM. Fig. 8 shows the

bright-filed TEM results of the as-rheocast alloy and the alloy

treated at 540 �C for 3 h, followed by ageing at 170 �C.
Compared with the alloy in the as-rheocast state (Fig. 8(a)),

Table 1 e EDS quantitative results for two phases shown
in Fig. 5(a) (at %).

Locations Al Si Fe Mg Fe/Si Mg/Si Phase

A 72.04 13.43 14.23 0.30 1.06 e b-Al5FeSi

B 47.58 30.78 6.11 15.53 0.198 0.50 p-Al8FeMg3Si6

Fig. 6 e Number of Fe-rich intermetallic phases in the alloy

for various solution times.
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a lesser dislocation density is observed in the heat-treated

alloy (Fig. 8(b)). In the rheo-HPDC process, the solidification

of semi-solid slurry may introduce plastic deformation when

external pressure is applied, leading to the formation of

additional dislocations. Under higher magnification, a large

number of gray precipitates with spherical morphology

(diameter ~ 2e3 nm) are evenly distributed, as shown in

Fig. 8(c). Typical precipitates were selected for HRTEM anal-

ysis (Fig. 8(d) and (e)) show [1 0 0] zone axis of a-Al matrix in

the aged sample. There are no extra spots other than those

from the a-Al matrix suggesting that fine precipitates shown

in Fig. 8(c) are GP zone precipitates with the same crystal

Fig. 7 e (a) SEM back-scattered electron image; (bee) EPMA results of the distribution of Al, Si, Fe andMg in the alloy solution

treated at 540 �C for 3 h and aged at 170 �C for 5 h.

Fig. 8 e TEM micrographs of the alloy at different conditions: (a) as-rheocast state, (b) T6 heat-treated state with (c) a higher

magnification in (b), (d) and (f) showing the HRTEMmicrograph of GP zone and Si dispersoids, (e) and (g) presenting the SAED

patterns of GP zone and Si respectively.
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structure as that of the matrix. In addition, nano-sized

approximately quadrilateral Si particles with an average

length of ~6 nm are also identified, as shown in Fig. 8(g).

3.3. Mechanical properties

Fig. 9(a) shows the evolution of the microhardness in the

matrix as a function of time. At the solution temperature of

540 �C, the hardness increases with solution time until a peak

at 3 h, and then decreases with further increase in solution

time. The increase is due to the solid solution hardening

caused by the high solubility of Mg and Si at elevated tem-

peratures, whereas the decrease after 3 h is due to the decline

in solute concentration and coarsening of Si particles. Based

on these findings, the present study selected the solution

condition of 540 �C for 3 h to further investigate the age-

hardening effect on the alloy. The age-hardening behavior at

170 �C is also presented in Fig. 9(a). The microhardness in-

creases first and then decreases with increasing ageing time.

The maximum hardness (110 ± 2 HV) of the aged alloy was

attained by ageing 170 �C for 5 h. Fig. 9(b) displays the stress-

strain curves of the alloy in different states, and Table 2

compares the mechanical properties for the alloys with

similar chemical compositions under different forming pro-

cesses and different heat treatment processes. The yield

strength and ultimate tensile strength of the heat-treated

alloy are significantly higher than those of the alloy in the

as-rheocast state: they are 266 MPa and 343 MPa, respectively,

which improves by 166% and 56% in comparison with the as-

rheocast state. The fracture morphology observation was

performed on the tensile samples after failure. Fig. 10 shows

the fracture surfaces of the alloy under different processing

conditions. They mainly consist of tear ridges and dimples

with some quasi-cleavage zones.

4. Discussion

4.1. Segregation behavior

Because of the characteristics of the semi-solid slurry,

segregation is hard to eliminate in the rheo-HPDC process.

Especially, a surface liquid segregation phenomenon

is prone to occur, which is strongly affected by alloy

composition, die geometry and processing parameters [38].

In this study, we examined the microstructure of one part in

different zones, as shown in Fig. 3. The results of the image

analysis in various zones show that there are surface liquid

segregation zones (zones 2, 5 and 7). As compared to zone 1,

the obvious surface liquid segregation phenomenon in zone

2 is thought to be related to the filling length. Zabler et al.

[39] have argued from in situ observations that the liquid

was pushed to the flow front of the slurry, and since it is

much more fluid than solid grains, it results in an increase

of the liquid fraction in the upper zone of the part (e.g. zone

2). The segregation could be more severe for longer filling

length, as it was also stated by Feng et al. [40]. In addition,

the surface liquid segregation was observed in the corner of

the part (zones 5 and 7). Generally, segregation increases

when the flow direction is changed or when the flow passes

through an abrupt change of the free cross-section [41]. As

previously mentioned, the liquid phase is pushed towards

the edge, causing an increase in liquid fraction on the sur-

face. When the material flows to zone 7, the high velocity of

the piston can cause the slurry to detach from the corner

wall of the die. The slurry flows along the horizontal duct to

the left wall of the core, and then the slurry is turned around

and flows back to the center of the die. The small gap caused

by the detachment would be subsequently filled during the

filling process. As a consequence, the remixing of liquid

segregation becomes evident in zone 7. The liquid segrega-

tion phenomenon in zone 5 may also result from the

detachment of the slurry that may be reduced by decreasing

injection velocity according to the results of Hufschmidt

et al. [42]. Based on the microstructure and the statistic re-

sults of liquid fraction in zones 4 and 6, the segregation of

solid could be deduced. When the material flows into zones

4 and 6, the liquid phase is squeezed out, resulting in a low

liquid fraction. Except for the surface segregation zones, no

appreciable difference is observed between the microstruc-

ture inside the part. These results suggest that the geometry

of the die and the piston velocity affect segregation. As

mentioned in Gu et al. [43] and Neag et al. [44] for thix-

oforming of steels and aluminium alloys, the macro liquid

segregation seems to require a high enough amount of free

liquid. Therefore, it is very interesting to investigate the

effects of processing temperature on the liquid fraction in

the near future.

Fig. 9 e Microhardness evolution as a function of solution time and ageing time.
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4.2. Improvement of mechanical properties

In general, the static strength depends on the relative density

as well as the microstructure formed during rheo-HPDC. As

compared to the part processed by traditional HPDC, the

reduced defects shown in Fig. 2 and the uniformly distributed

a-Al grains (shown in Fig. 3) can transfer the external force to

more grains during tension, resulting in a larger elongation. In

addition, the yield strength and the tensile strength of the

alloy are improved by heat treatment, as compared to those in

the as-rheco-HPDC state. This may be related to both solution

and precipitation strengthening. Si atoms in the a-Al matrix

tend to diffuse toward the Si particles during the heat

treatment, leading to a decrease in Si concentration in a-Al

matrix. However, the concentration of Mg atoms in thematrix

increases significantly due to the dissolution of Mg-containing

phases (Fig. 7). Chen et al. [30] suggested that solution

strengthening effect of Mg is much stronger than that of Si.

Leyson et al. [45] also stated that the Mg hardening effect is

twice higher than that of Si, because of the smaller size misfit

and modulus misfit of Si in the Al matrix. With regard to the

ageing process, the fine particles precipitate from the super-

saturated solid solution and hinder the movement of dislo-

cations, resulting in the enhancement of the strength as well.

After ageing treatment, the combination of GP zones andwell-

dispersed semi-coherent precipitates in the matrix plays a

Table 2 e Comparison of mechanical properties for several Al-Si based alloys.

Alloys Forming process UTS-YS-EL
MPa-MPa-%

Solution Ageing References

Al-7Si-0.2Fe-0.4Mg-0.3Cu-

0.02Mn-0.27Mo-0.16Zn-0.17Zr

Water-cooled

copper mold

casting

275-139-7.9 e e [1]

Al-8.2Si-0.53Fe-0.46Mg-0.15Cu-

0.01Sr

HPDC 208.7-129.5-2.2 e e [21]

Al-8.2Si-0.53Fe-0.46Mg-0.15Cu-

0.01Sr

Semi-solid die-

casting

358.2-279.9-12.5 535 �C-1h 170oC-2.5h [31]

Al-8.2Si-0.53Fe-0.46Mg-0.15Cu-

0.01Sr

Semi-solid die-

casting

293.1-146.7-9.8 [32]

Al-7Si-0.6Mg-0.13Fe-0.13Ti Sand casting 312-301-0.6 550oC-2h 180oC-22h [33]

Al-7Si-0.4Mg-0.5Sc casting 331-263-12 535oC-4h 150oC-10h [34]

Al-7Si-0.4Mg-0.2Ti-0.13Fe-0.1Cu Semi-solid squeeze casting 283-201-8 540oC-3h 160oC-9h [35]

Al-7Si-0.4Mg-0.1Fe Semi-solid die-casting 293�/�10.21 540oC-8h 160oC-8h [36]

Al-7Si-0.3Mg-0.1Ti-0.1Fe Low pressure casting 285-210-14.0 540oC-4h 155 �C -3h [37]

Fig. 10 e Fracture morphology of A356 in the as-rheocast state (a), solution treated at 540 �C for 3 h (b) and aged at 170 �C for

5 h (c) and (d).
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role in precipitation strengthening of the alloy. Furthermore,

themorphology of intermetallic phases and eutectic Si phases

has an effect on the elongation. After heat treatment, the

refined fibrous eutectic Si phases decreases the crack propa-

gation rate, while the increase of needle-like b-Al5FeSi phase

content may increase the stress concentration during tensile

test. In addition to the microstructure, the elongation is

closely associated with the voids. As shown in Fig. 10, poros-

ities in the heat-treated samples were observed, which may

decrease the elongation of the alloy.

5. Conclusions

A356 aluminium components with complex shape were suc-

cessfully fabricated by rheo-HPDC process with the SEED

method for semi-solid preparation. The segregation, micro-

structure and mechanical properties were investigated. Based

on the analysis and discussion of the results, the conclusions

are as follows:

(1) A quasi defect-free component could be obtained by

rheo-HPDC process. The alloys are composed of spher-

ical primary a-Al grains (average size is ~95 mm) and

secondary solidified a-Al grains divided by eutectic Si

and iron-rich intermetallic phases.

(2) Liquid segregation occurred in the upper zone of the

part because of long filling length and in the corner of

the part because of die geometry, while homogeneous

microstructure inside the part can be obtained.

(3) As compared with the samples in the as-rheocast state,

the T6 treated samples (solution at 540 �C for 3 h and

artificial aged at 170 �C for 5 h) exhibit excellent me-

chanical properties, because of the solution strength-

ening and precipitation strengthening mechanisms.

The T6 treated samples have a yield strength of 266 MPa

and an ultimate tensile strength of 343 MPa. The rheo-

HPDC samples exhibit a mixed-fracture mechanism of

dimple and quasi-cleavage fracture in both the as-

rheocast and heat-treated states. Heat treatment cau-

ses the script-like p-Al8FeMg3Si6 intermetallic phases to

transform into needle-like b-Al5FeSi phase, which may

decrease stress cracking resistance and result in a

decrease in elongation of the T6 treated samples.
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