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Abstract A novel semi-solid processing technique, called

new vacuum suction casting (NVSC), is used to manu-

facture high-quality components of AZ91D Mg alloy

directly from a liquid metal. The resulting apparent mor-

phologies and microstructures of castings are characterized

in detail and linked to the corresponding mold-filling

behavior and subsequent solidification behavior. It is

revealed that the semi-solid metal (SSM) with higher vis-

cosity can be caused to fill the mold with ‘‘solid-front fill’’,

as compared with the liquid metal ‘‘spraying’’ in the con-

ventional vacuum suction casting (CVSC) process. The

smooth filling achieved in the NVSC process diminishes

some disadvantages inherent for the CVSC sheets, and

generates castings with better surface finish and structures

with high integrity. The microstructure of the CVSC sheet

consists of the fine and homogeneous supersaturated a-Mg

solid solution due to the extremely high cooling rate. In the

NVSC microstructure, the ‘‘preexisting’’ primary solid

particles, with the morphology of near-globules or rosettes,

disperse in the homogeneous matrix consisting of fine near-

equiaxed secondary a-Mg grains and fine precipitates of

b-Mg17Al12 intermetallics. In addition, owing to rapid

solidification, the volume fraction of the b phase in the

sheets obtained by both the processes is much lower than

that in the as-cast ingot.

Introduction

Magnesium and its alloys, with a number of desirable

features including low density, the highest strength-to-

weight ratio of any of commonly used non-ferrous and

ferrous metallic materials, better damping characteristics

than aluminum, well castability, and abundant resources,

are thus very attractive for applications in the automotive

and aeronautical industries [1–5]. Currently, conventional

high-pressure die casting (HPDC) is the most frequently

used and readily available casting technology for magne-

sium alloys, and most magnesium castings are produced

with the HPDC process using either hot or cold chamber

machines [1, 6–9]. However, HPDC is not suitable for the

production of thick-walled parts. The main problem

encountered in thick-walled sections is porosity caused by

turbulent die filling and solidification shrinkage [6, 10].

Different casting processes have been under develop-

ment aiming at getting rid of porosity and producing high-

quality components. One of the promising technologies

capable of producing high-integrity components is semi-

solid metal (SSM) processing [11, 12]. The most often

stated advantages of SSM processing compared with con-

ventional die casting are the non-turbulent filling of the die,

near-net shape forming, better mechanical properties, less-

energy consuming, and longer die-life [11–14]. In general,

conventional semi-solid forming route, involving the

preparation of SSM slurry, maintenance of the slurry sus-

pension, and the transportation of the prepared slurry to the
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forming press for component shaping, requires many pro-

cessing steps and additional equipments [11–14]. In order

to avoid burning or severe oxidation of the Mg alloys slurry

during SSM processing, considering the high reactivity of

Mg alloys in the melting state, the process complexity of

semi-solid casting should be reduced.

In this paper, we introduce a novel semi-solid processing

technique, called new vacuum suction casting (NVSC), for

manufacturing high-quality components directly from

liquid AZ91D Mg alloy. In the NVSC process, a liquid

alloy, whose initial temperature is controlled within a

narrow range around the liquidus level, is converted into

semi-solid slurry by manipulating a shear-cooling system.

The outstanding feature of this investigation is attributed to

the fact that the NVSC process combines the semi-solid

slurry making and component forming operation into one

step, therefore eliminating the need for specially prepared

slurry and subsequent slurry transportation steps. For

comparison, conventional vacuum suction casting (CVSC)

process without shear-cooling structure has been also

studied. The objective of this research is to produce Mg

alloy castings by applying the CVSC and NVSC technol-

ogy, and assess the apparent morphologies and micro-

structural features of the solidified alloy. Subsequently, an

attempt is made to investigate the mold-filling character-

istics and the solidification behavior of both the processes.

Experimental procedures

Commercial AZ91D alloy was used in this investigation,

for which the reported solidus and liquidus temperatures

are 468 and 598 �C, respectively [15, 16]. The chemical

composition (in wt%) of the alloy is listed in Table 1.

The NVSC process

The NVSC process is an innovative one-step SSM pro-

cessing technique which, through the use of shear-cooling

structure, can manufacture near-net shape components with

high integrity directly from liquid alloy without turbulence

or gas entrapment. Figure 1 presents the schematic of the

self-designed NVSC equipment which is composed of

copper mold, crucible, thermocouple, vacuum-pumping

system, and shear-cooling system, etc. The vacuum-

pumping system consists of vacuum pump, vacuum tank,

vacuum regulating valve and vacuum measuring instru-

ment. Compared with the CVSC process, the major dif-

ference in the equipment of the NVSC process is the

specially designed shear-cooling system, which contains

casting runner, a self-rotating spiral structure and cooling

channels, as shown in Fig. 1b. The spiral structure has a

diameter of 10 mm, a length of about 95 mm; and the

cooling channels, with a length of approximately 200 mm,

are designed to cool down the molten metal to its near-

liquidus range with corresponding primary solid fraction.

The AZ91D alloy was melted with stainless steel cru-

cible in an electric resistance furnace. Prior to the NVSC

investigation, the molten AZ91D alloy had to be controlled

at temperature 20–30 �C above the liquidus value (i.e.,

about 620–630 �C). When the needle valve was turned on,

the liquid alloy was rapidly cooled and transformed to the

SSM slurry during the liquid metal passed through the

shear-cooling casting runner, in which the cooling channels

provided an enhanced heat transfer and the molten alloy

was characterized by high shear rate and high intensity of

turbulence. The SSM was then injected at an adequate

velocity into the mold cavity. The fully solidified compo-

nent was finally released from the mold. It should be noted

that in order to obtain adequate inlet velocity of SSM for

complete mold filling, the vacuum pressure, which could

Table 1 Chemical compositions of AZ91D alloy (in wt%)

Al Zn Mn Cu Fe Ni Si Others

each

Mg

8.9 0.63 0.27 \0.002 \0.004 \0.001 \0.02 \0.01 Balanced

Fig. 1 Schematic illustration of

the NVSC process (a) and the

shear-cooling system (b):

1. fixed bracket,

2. thermocouple, 3. crucible,

4. molten metal, 5. heating

elements, 6. mold cavity,

7. copper mold, 8. needle valve,

9. shear-cooling system,

10. shielding gas, 11. vacuum-

pumping system, 12. casting

runner, 13. spiral structure,

14. cooling channels
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be changed through controlling vacuum regulating valve,

in the NVSC process was much higher than that in the

CVSC process. In addition, all the above procedures were

conducted in a flowing protective gas (50 vol.% dry

air ? 50 vol.% CO2 ? 0.3 vol.% SF6) to prevent burning

and oxidation.

Measurements of specimens

The apparent morphologies of the cast sheets, including

surface appearance and cross-section appearance, were

observed to investigate the effects of shear cooling on

mold-filling characteristics. The samples of Mg alloy cast

sheet were cut and mounted into epoxy resin. Cross sec-

tions for observation were ground on silicon carbide

papers, down to grit size 1200. It was followed by fine

polishing with diamond, particle size from 6 to 1 lm, and

etching in a 2 vol.% solution of nitric acid in ethanol.

Subsequently, microstructures of etched specimens were

examined by optical microscope (OM) and scanning elec-

tron microscope (SEM, JSM-5600LV). Quantitative anal-

ysis of selected microstructure characterization parameter

was performed using an image analyzer. In order to obtain

detailed information on the phase distribution in the spec-

imens, phase identification was performed by X-ray dif-

fraction (XRD, XRD-6000).

Experimental results

Apparent morphology of specimens

Figure 2 shows the surface appearances of AZ91D cast

sheets produced by the CVSC process and the NVSC

process at different initial temperatures. These sheets are

about 35 mm in length, 15 mm in width, and 2.0 mm in

thickness. Considering the very small size of the sheets and

the high heat transfer rate provided by cold copper mold,

the molten metal inside the mold cavity has an extremely

high cooling rate. As a consequence, surface appearance of

the casting can basically reflect the mold-filling charac-

teristics of the filling alloy.

The surface appearance of the casting sheet produced by

the CVSC process at the initial pouring temperature of

630 �C is shown in Fig. 2a. It exhibited numerous radial

striae and jet flow traces in addition to the visible backflow

zones, as pointed out by the arrows in Fig. 2a, indicating

that the flow speed was very high and the mold filling was

very turbulent. However, the surface quality of the sheet

fabricated by the NVSC technique at 630 �C was improved

significantly, as shown in Fig. 2b. The flow traces were not

obvious yet and the backflow zones that were endemic to

the CVSC sheets disappeared absolutely, indicating that the

mold filling was laminar under the optimized processing

conditions. When the initial processing temperature

decreased from 630 to 620 �C, the surface appearances of

the sheets were exhibited in Fig. 2c, d, in which the

resulting surface appearances had similar features to those

presented in Fig. 2a, b, respectively. In order to provide an

additional insight into the interpretation of mold-filling

behavior, the half-filled castings were produced by

decreasing the vacuum pressure at 620 �C, as displayed in

Fig. 3. Figure 3a shows that the liquid metal sprayed into

the mold cavity and the flow was turbulent in the CVSC

process. Whereas, in the NVSC process, the flow front

during the injection molding was parabolic and smooth, as

exhibited in Fig. 3b, which clearly showed the thixotropic

character of metal alloy and the laminar mold filling.

Additionally, cross-section appearances were observed

to investigate the internal quality of the cast sheets. As

viewed on the cross section, we could find pores and

cavities just under the surface and in the interior of the

CVSC sheet (see Fig. 4a) and the porosity had a form of

randomly distributed individual gaps or their clusters.

Fig. 2 Surface appearances of

the sheets produced by

a the CVSC process, at 630 �C;

b the NVSC process, at 630 �C;

c the CVSC process, at 620 �C;

d the NVSC process, at 620 �C
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However, there was a substantial difference in macro-

structural integrity between the NVSC and CVSC sheets,

and as represented in Fig. 4b, no evident macro porosity

occurred in the cross section of the sample.

Microstructures

A typical microstructure of the AZ91D ingot obtained by

conventional solidification is shown in Fig. 5a, where well-

developed primary a-Mg dendrites with b phase (the brittle

intermetallic Mg17Al12) along the a-Mg grain boundaries

in the form of continuous network are clearly visible, and

grain size is quite large and its distribution is non-uniform

due to the slower cooling rate [6]. Observation under high

magnifications indicates a typical eutectic structure of the

ingot, as illustrated in Fig. 5b. The microstructure con-

sisted of primary a grains surrounded by a eutectic mixture

of a-Mg and b-Mg17Al12.

Figure 6 shows the typical microstructures of the

AZ91D sheets obtained by the CVSC and NVSC process at

near-liquidus temperature in this investigation. It can be

clearly seen that the casting process determines shape and

distribution of the different phases and has a close rela-

tionship with the final microstructures.

Due to high cooling rate, the CVSC microstructures, as

presented in Fig. 6a, b, exhibited very fine grains with a

small amount of b-Mg17Al12 compound at the grain

boundaries. Comparing Fig. 6a with b, the low-magnifi-

cation imaging, there was not obvious difference in the

microstructure of the sheets produced by the CVSC tech-

nology at the initial pouring temperature of 630 and

620 �C. It can be inferred that a variation of 10 �C in initial

pouring temperature, decrease from 630 to 620 �C, has an

insignificant effect on the resulting microstructure of the

CVSC sheets. At low magnifications, due to the very small

grain size, the coring was not clearly visible and it was

difficult to portray the shape and distribution features of

intermetallic b-Mg17Al12 phase. High-magnification imag-

ing (Fig. 6c) represented more microstructural details. The

arrangement of dendrites suggested that they were, most

likely, randomly oriented with respect to each other, due to

rapid and independent nucleation [16], as shown in Fig. 6c.

Moreover, the porosity, observed above in macroscopic

view of cross section (Fig. 4a), was also presented in the

microstructure of the sample, as pointed out by arrows in

Fig. 6a, c.

Figure 6d, e shows the typical microstructures of the

AZ91D sheets obtained by the NVSC process at the initial

pouring temperature of 630 and 620 �C, respectively. It can

be seen that the NVSC AZ91D sheets exhibited the

Fig. 3 Photographs of the half-filled castings showing metal flow

‘‘spraying’’ in the CVSC process (a) and laminar flow with ‘‘solid-

front fill’’ in the NVSC process (b)

Fig. 4 Typical macroscopic cross-section appearances showing:

a macro pores and cavities in the interior of the CVSC sheet;

b no evident defects in the interior of the NVSC sheet

Fig. 5 Optical micrographs of

the AZ91D ingot (a) and a

typical eutectic structure (b)
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homogeneous microstructures with the primary solid a-Mg

being dispersed in the matrix. The principal difference in

the microstructure between the NVSC alloy and the CVSC

alloy was the presence of large round or rosette solid

particles of a-Mg phase that had formed during the first

step of the process, i.e., when the liquid alloy passed

through the shear-cooling system. Additionally, a simple

visual assessment indicates that, in the NVSC process, a

variation in the initial processing temperature could lead to

an obvious change in solid fraction. Comparing Fig. 6d

with e, in this study, when the temperature decreased from

630 to 620 �C the solid fraction increased from 8% to

approximately 35%. The final primary solid size was

within a range of 20 to 80 lm as examined by quantitative

metallography. High-magnification imaging (Fig. 6f)

revealed that the primary solid particles, exhibiting a

morphology ranging from near-globules to degenerated

rosettes, were surrounded by the liquid phase, which at

room temperature represented practically the fine second-

ary a-Mg grains and the fine b-phase network [17].

The microstructural details were further imaged with

SEM to examine the grain size and the final phase mor-

phology in the microstructures of the AZ91D sheets

obtained by both the processes at 620 �C, as shown in

Fig. 7. It can be seen that the microstructure of the CVSC

sheet comprised fine and homogeneous near-equiaxed

grains, with an average size of around 7 lm in diameter,

and grain boundaries were decorated by discontinuous

precipitates of the intermetallic b phase (Fig. 7a). The

microdistribution of major chemical elements, including

Mg, Al, Zn, and Mn, within the microstructure of the

CVSC alloy was much more homogeneous than that of as-

cast ingot, and the microstructure dominantly consisted of

supersaturated a-Mg solid solution [18]. A detailed

description of the solidification process and resulting

microstructure characteristics of the sheets produced by the

CVSC technique can be found in Ref. [18].

The solidification occurring in the NVSC process, as a

matter of fact, could be considered in two stages. The first

was the nucleation and growth of the primary a-Mg in the

Fig. 6 Optical micrographs

showing the microstructures of

the AZ91D castings: a general

view, CVSC at 630 �C;

b general view, CVSC at

620 �C; c magnified view of

grains and dendritic structure,

CVSC at 620 �C; d general

view of alloy containing 8% of

solid particles, NVSC at

630 �C; e general view of alloy

containing 35% of solid

particles, NVSC at 620 �C; f a

detailed morphology of primary

solid particles indicating near-

globular shape and degenerated

rosette shape, NVSC at 620 �C
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shear-cooling system, and the second was the solidification

of the liquid portion of the slurry inside the mold cavity.

The whole solidification process of the NVSC technology

was very similar to that of the rheo-diecasting (RDC)

process described previously by Fan, et al. [17, 19–21].

Figure 7b depicts the detailed secondary solidification area

in the final microstructure of the NVSC alloy. The eutectic

as a mixture of fine secondary a-Mg grains and the fine

b-phase, resulting from the rapid solidification of remain-

ing liquid in the SSM slurry in the secondary solidification

step, distributed around the ‘‘preexisting’’ primary solid

particles, which had formed in the primary solidification

under intensive forced convection. The secondary a-grains,

delineated by the b-phase network, were morphologically

of near-equiaxed shape, with an average size of about 5 lm

in diameter. At this region the fine microstructure looks

like that of the CVSC AZ91D alloy presented in Fig. 7a.

Furthermore, the image in Fig. 7b reveals that the interface

between primary a phase and the eutectic was not flat, but

covered with numerous protrusions of an intermetallic

compound [22]. The content of alloying elements of Al,

Zn, and Mn was higher in the grain boundaries and the

eutectic structure than that in the primary solid particles

and in the second a-grains and thus, the mean composition

of a-Mg solid solution was lower than the nominal com-

position of the alloy [22–24].

Phase composition

The X-ray diffraction provides information about the

crystallography of phases, their contents, and an estimation

of the preferred orientation. Figure 8 shows the X-ray

diffraction patterns of the as-cast AZ91D ingot and the

AZ91D sheets produced by both the processes at 620 �C.

According to XRD measurement as shown in Fig. 8a, the

AZ91D ingot contained the a-Mg and intermetallic phase

of b-Mg17Al12 which was also clearly visible in its optical

micrograph (Fig. 5). The CVSC sheet, molded directly

from the liquid molten metal, exerted a different XRD

pattern with virtually only an a-Mg phase (Fig. 8b). The

anticipated locations of Mg17Al12 diffraction peaks were

indicated by arrows in Fig. 8b where the peaks were not

obvious and their intensities were at a very low level, and

thus, the main phase of the CVSC sheet consisted of

supersaturated a-Mg solid solution. The phases presented

in the NVSC AZ91D alloy (Fig. 8c) were essentially the

same as those obtained in foregoing as-cast ingot (Fig. 8a),

which consisted of a-Mg and b-Mg17Al12 phase. How-

ever, it exhibited visually detectable lower intensities of

b-Mg17Al12 peaks than that in the as-cast ingot (Fig. 8a),

and higher than that after the CVSC process (Fig. 8b).

Discussion of results

Mold-filling characteristics

In contrast to liquid metal, semi-solid slurry, with fine and

spheroidal particles distributed in the liquid matrix, will

inevitably change the mold-filling behavior. The most

important objective of SSM processing is to achieve lam-

inar mold filling, improving surface appearances of casting

sheets, and avoiding gas entrapment, by increasing the

viscosity of the fed metal [19]. In this study, the filling

patterns of liquid flow and SSM flow inside the mold cavity

are schematically shown in Fig. 9. It can be clearly seen

that the mold-filling behavior, which may directly affect

the apparent morphology and the microstructure of the final

casting, is very sensitive to the experimental processing

conditions.

In the CVSC process, the fed liquid metal is rapidly

passed through the casting runner, where the molten metal

is not sufficiently cooled and thus, the molten metal is

maintained in liquid state when it flows into the mold. In

fact, owing to the well flowability and the high inlet

velocity under vacuum pressure, the liquid alloy sprays

rather than flows into the mold cavity and the mold filling

is very turbulent. The mold-filling feature of liquid flow in

the CVSC process is schematically exhibited in Fig. 9a.

This results in the final castings with numerous radial

Fig. 7 SEM images showing

the detailed microstructure of

a the CVSC AZ91D sheet; b the

NVSC AZ91D alloy produced

by secondary solidification

inside the mold cavity
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striae, jet flow traces, and the visible backflow zones on the

surface (see Fig. 2a, c), accompanied by compressed gas

inclusions, which may cause pores and cavities under the

surface and in the sheets interior (see Fig. 4a). The regions

with the porosity existing in are usually the weakest paths,

susceptible to cracking. Typical SEM micrograph for

fractured surface of the tensile specimen produced by the

CVSC process, as shown in Fig. 10, reveals the location of

pores and cavities which result from gas entrapment or

solidification shrinkage. Some of them are indicated by

arrows in Fig. 10a. It can be clearly seen that in this case

the cracking takes place across the defects, which evidently

deteriorate mechanical properties of the castings.

Mechanical stirring of an alloy during solidification has

been shown to change the structure of the solidified phase

from dendritic to more or less spherically shaped particles

[11, 25]. In the NVSC process, the fed liquid metal is

transformed to the semi-solid state by applying shear forces

during the freezing process. These shear forces break up

dendrites as they form during solidification and create

round or rosette solid particles in the molten metal. In

general, semi-solid slurry, with fine and spheroidal parti-

cles distributed uniformly in the liquid matrix, exhibits

distinctive thixotropy, pseudoplasticity, and the higher

viscosity as compared with liquid metal [11, 21]. There-

fore, The SSM can be caused to fill the mold with ‘‘solid-

front fill’’ [11] (Fig. 3b), as compared with the liquid metal

‘‘spraying’’ in the CVSC process (Fig. 3a). The smooth

filling achieved in the NVSC process is schematically
Fig. 8 X-ray diffraction patterns for AZ91D alloy: a as-cast ingot;

b the CVSC sheet; c the NVSC sheet with solid fraction of 35%

Fig. 9 Schematic of mold-filling processes of liquid metal flow (a)

and SSM flow (b)
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presented in Fig. 9b. Other experimental investigations

[11–13, 19, 26, 27] have confirmed the effects of the

semi-solid state on the flow behavior. To summarize, the

beneficial changes of the mold-filling mechanism after

semi-solid processing could be mainly ascribed to three

aspects: (i) the lower injection molding temperature of fed

metal, (ii) the higher viscosity of fed material due to

increasing solid fraction of primary phase, and (iii) particle

morphology and agglomeration of the semi-solid slurry. In

this study, the positive effects of such semi-solid slurry on

the mold-filling process have been confirmed by the

experimental results represented above in Figs. 2 and 4,

indicating very good surface finish (Fig. 2b, d) and the

elimination of gas porosity (Fig. 4b).

Solidification behavior

The microstructure of casting is strongly influenced by the

cooling rate [28, 29]. The casting process determines the

volume fraction, morphology, size, and distribution of

the different phases in the final microstructure [8]. The

microstructure of the as-cast ingot, as shown in Fig. 5,

results from a metastable solidification process: the molten

metal firstly generates primary a-Mg phase with decrease

in temperature; growth of divorced eutectic a-Mg adheres

to the primary a-Mg; divorced eutectic b-Mg17Al12 with

black contour grows into primary a-Mg; and then lamellar

of secondary b-Mg17Al12 precipitates from supersaturated

a-Mg [23, 28, 29]. This solidification process gives rise to a

coarse and non-uniform microstructure due to the lower

cooling rate (see Fig. 5), and the X-ray diffraction ana-

lyzing results indicate the high volume fraction of b phase

in its microstructure (see Fig. 8a).

In the CVSC process, the molten metal into the mold

cavity has an extremely high cooling rate (in the order of

103 K/s), which is mainly ascribed to the conjoint and

mutually interactive influences of (i) the high heat transfer

rate provided by the cold copper mold, (ii) the very small

size of the casting, and (iii) the lower pouring temperature

of fed metal (around 20–30 �C above the liquidus value).

Once nucleation is triggered by the mold wall, copious

heterogeneous nucleation takes place throughout the entire

liquid melt with a high nucleation rate [17, 30]. Under such

conditions, numerous nuclei compete to grow; each

nucleus would not have much chance to grow before the

liquid metal is completely consumed [19] and thus, the

solidification completes even before the metastable eutectic

reaction occurs, producing fine equiaxed grains in the

entire volume, as shown in Figs. 7a and 10b, which exhibit

the morphology inside the porosity observed by SEM,

indicating the extremely finely and homogeneously dis-

tributed near-equiaxed grains in the microstructure of the

CVSC sheet. Additionally, rapid solidification can obvi-

ously enlarge the solid solubility limit of alloying elements

and can even form single-phase solid solution structure

[31]. In the CVSC solidification process, the alloying ele-

ments in the liquid have no time to diffuse sufficiently and

the high cooling rate offer a non-equilibrium solidification.

As a result, the microdistribution of alloying elements,

including Mg, Al, Zn, and Mn, within the microstructure of

the CVSC alloy was much more homogeneous than that in

the as-cast ingot [18]. Moreover, the eutectic transforma-

tion L ? a-Mg ? b-Mg17Al12, occurring in the most

commercial AZ91D alloy cast processes, is suppressed to a

great extent, inducing the lower proportion of b-brittle

phase in the CVSC microstructure, which dominantly

consists of supersaturated a-Mg solid solution (Fig. 7a).

Therefore, the diffraction peaks of the b-Mg17Al12 phase in

the XRD patterns of the CVSC sheet, displayed in Fig. 8b,

are not obvious.

Solidification in the NVSC process takes place essen-

tially in two stages: primary solidification, relating to the

nucleation and generation of the primary solid particles of

a-Mg phase when the liquid alloy was passed through the

shear-cooling system, and secondary solidification, relating

to the solidification of the remaining liquid in the SSM

slurry inside the mold cavity, involving the formation of

the fine secondary a-Mg grains and the non-equilibrium

eutectic reactions.

Fig. 10 SEM images of the

tensile fracture surface of the

AZ91D alloy produced by

the CVSC process showing:

a pores and cavities in the

casting interior; b the detailed

morphology inside the cavity
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During the primary solidification, liquid metal of tem-

perature 20–30 �C above the liquidus value is continuously

converted into the semi-solid state by applying shear forces

during the freezing process. Once the nucleation tempera-

ture is reached, heterogeneous nucleation occurs in the fed

liquid metal. The growth morphology of the nuclei changes

from dendrites to rosettes or spheres due to the high shear

rate and high intensity of turbulence [21] provided by

shear-cooling system, and every single nucleus being

rosette or spherical in shape will survive and contribute to

the final microstructure. As the primary solidification

proceeds, the alloying elements Al, Zn are enriched in the

remaining liquid of SSM with the increase of the solid

content of primary a-Mg phase. It should be noted that in

the sub-liquidus temperature range, the solid content of the

AZ91D SSM is very sensitive to the processing tempera-

ture, and a very small change in the temperature will result

in substantial variation of solid fraction [30]. Therefore, in

this study, an increase in solid fraction from 8% to

approximately 35% takes place after reducing the initial

pouring temperature by 10 �C intervals (see Fig. 6d, e).

The formation mechanism of the non-dendritic structures

in the SSM has been discussed by many researchers [11,

13, 27, 30, 32]. Essentially, the globular structure develops

by controlling the nucleation and growth processes at the

early stages of freezing [30].

The secondary solidification in the NVSC process,

occurring inside the mold cavity under high cooling rate, is

very similar to the solidification in the CVSC process

described above. The major difference between both the

solidification processes is the state of the mold-filling

metal, i.e., liquid state in the CVSC process as compared

with semi-solid state in the NVSC process. Once the SSM

is injected into the mold cavity, nucleation would occur

throughout the entire remaining liquid with a much higher

nucleation rate. The high nucleation rate and the high

nuclei survival rate inside the cavity ensure that each

nucleus can only grow to a limited size [17], resulting in

fine near-equiaxed secondary a-Mg grains, surrounded by

mostly discontinuous precipitates of fine b-Mg17Al12

(Fig. 7b). According to the previous analysis, the content

of alloying element Al in the remaining liquid of SSM is

higher than that in the initial liquid metal due to the

increase of solid fraction of primary a-Mg phase and thus,

the volume fraction of the eutectic b-Mg17Al12 interme-

tallic phase in the NVSC sheet is higher than that in

the CVSC sheet (see Fig. 8b, c). However, due to the

extremely high cooling rate of the secondary solidifica-

tion process, the eutectic reaction, i.e., L ? a-Mg ?

b-Mg17Al12, is suppressed to some extent, resulting in

lower volume fraction of the b-Mg17Al12 compared with

that in the as-cast ingot (Fig. 8). It is generally accepted

that an effective approach for better toughness is to reduce

the volume fraction of the Mg17Al12 intermetallic phase

[30]. Therefore, for AZ91D alloy, the NVSC process may

be an alternative technology to achieve the high-integrity

structure with the maximum combination of strength and

ductility.

Conclusions

(1) A new semi-solid processing technique, the NVSC

process, is used to manufacture high-quality compo-

nents of AZ91D Mg alloy directly from a liquid metal

by using the self-designed equipment. The NVSC

technology combines the semi-solid slurry making

and component forming operation into one step,

therefore eliminating the need for specially prepared

slurry and subsequent slurry transportation steps.

(2) The surface appearances of the CVSC sheets exhibit

numerous radial striae, jet flow traces, and visible

backflow zones. Moreover, some macro- and micro-

porosities, caused by compressed gas inclusions, are

presented in the interior of the CVSC sheets, whereas,

the qualities of the NVSC sheets are improved

significantly. It is revealed that the SSM with higher

viscosity fills the mold with ‘‘solid-front fill’’, as

compared with the liquid metal ‘‘spraying’’ in the

CVSC process. The smooth filling achieved in the

NVSC process diminishes some disadvantages inher-

ent for the CVSC sheets, generates castings with

better surface finish and structures with high integrity.

(3) In the CVSC process, the liquid metal into the mold

cavity has an extremely high cooling rate, resulting in

fine and homogeneous microstructure, which domi-

nantly consists of the near-equiaxed a-Mg grains with

an average size of around 7 lm in diameter. The

microdistribution of alloying elements within the

microstructure is much more homogeneous due to

rapid solidification.

(4) Solidification in the NVSC process takes place in two

distinctive stages; one is primary solidification in the

shear-cooling system under high intensity of turbu-

lence, and the other one is secondary solidification

inside the mold cavity with high cooling rate. The

final microstructure of the NVSC sheet exhibits that

the ‘‘preexisting’’ primary solid particles which had

formed in the primary solidification, with the mor-

phology of near-globules or rosettes, are surrounded

by the eutectic mixture of fine secondary a-Mg grains

and fine precipitates of b- Mg17Al12 intermetallics,

resulting from the rapid solidification of the remain-

ing liquid of SSM in the secondary solidification step.

(5) Owing to high cooling rate, the eutectic reaction, i.e.,

L ? a-Mg ? b-Mg17Al12, is suppressed to some
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extent. As a result, the volume fraction of the

b-Mg17Al12 in the sheets obtained by the both

processes is much lower than that in the as-cast

ingot. However, the content of Mg17Al12 intermetallic

phase in the NVSC sheet is slightly higher than that in

the CVSC sheet.
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