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Abstract 

Melt conditioning treatment via high shearing on Mg-9Al-1Zn melt was employed to 

disperse the oxide inclusions, and to harness the well-dispersed particles as the effective 

heterogeneous nucleation sites for primary α-Mg grains during solidification in high 

pressure die casting. To reveal the mechanism of property improvement, Prefil pressure 

filtration cleanliness analyser, field-emission scanning electron microscopy with energy 

dispersive X-ray spectroscopy and high-resolution transmission electron microscopy 

were employed in present study. The experimental results showed that the application of 

high shearing not only improved elongation, ultimate tensile strength and yield strength 

simultaneously, but also reduced the variation of the mechanical properties of 

Mg-9Al-1Zn alloy. The improvement was ascribed to the refinement of the primary 

α-Mg grains formed in both shot sleeve and die cavity, and to the reduction of porosity 

as well as refinement of Mg17Al12 phases.  
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1 Introduction 

Mg-9Al-1Zn (AZ91D) components produced by high pressure die casting (HPDC) 

became more attractive in automotive field to achieve the light weighting of vehicles 

due to the reasonable comprehensive mechanical properties of alloy and its good 

castability [1,2]. Besides the advantage of HPDC of high speed production, small 

thickness, good surface finish and closer dimensional tolerance [3], the main defects of 

this technology are the formation of porosity and defect band and then result in the 

deterioration of mechanical properties and the enlargement of the properties variation 

[3–5]. More importantly, the presence of such kind of defects is inevitable in term of the 

characteristics of HPDC processing. During the HPDC process, the melt was poured 

into shot sleeve, and about 1-2 s later the melt was pushed into die cavity by plunge 

with given filling speed within a short time of about 3 ms. In view of the special process 

of HPDC, there are two steps of solidification. The first solidification occurs inside shot 

sleeve and about 20% solid phases were formed in this stage [6]. The second step is that 

this kind of melt was forced into the die cavity and solidified under a high pressure of 

about 50-100 MPa. With fast filling and cooling process, the existence of porosity in 

final product was inevitable. Therefore, the product was only used at as-cast state and 

cannot be suffered solution heat treatment for further improving mechanical strength as 

normal casting method did. This kind of porosity was mainly caused by entrapped air 

and the formation of defect band consisted of segregation and/or shrinkage porosity 

followed the contour parallel to the surface of the casting. Furthermore, the formation of 

MgO oxide films is also inevitable during the melt process of Mg. And such kind of 

film cannot supply the protection for melt to avoid further oxidation due to its porous 
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structure and volume shrinkage of about 27% [7]. Therefore, the growth of MgO film 

on surface of molten Mg would continuously develop without proper protection. 

Therefore, the existence of the oxide film increases the possibility of entrapment into 

final products, and forms defects and subsequently deteriorates the properties of product. 

Hence, the first solidified primary Mg, porosity, inclusions and the defect band are the 

main factors determined the variation of mechanical properties of products. 

 

In the past decades, many efforts from both filling process and solidification side were 

taken to minimize the properties variation. Optimization of the filling parameters, such 

as increasing the temperature of shot sleeve and pouring temperature [4], would benefit 

the quality of defect band by decreasing the quantity of coarse primary α-Mg formed in 

shot sleeve. But it cannot improve the solidification process fundamentally and reduce 

the variation of mechanical properties. Grain refinement is the best way to reduce the 

defects by improving the filling and solidification process and to enhance the strength 

and elongation of materials simultaneously. For aluminium industry, there already has 

commercial A1TiB refiner used for refining most kinds of Al alloys [8–13], and grain 

refining is a necessary and standard procedure before casting to improve the quality of 

component. Magnesium alloys can be generally classified into two groups of Al free 

alloys and Al bearing alloys [14]. The Al free alloys can be refined by Zr [15], and Al 

bearing Mg alloys can be refined by master alloy containing Ca [16,17], Sr [18], B [19], 

Al4C3 [20–24], TiC [25], SiC [15], TiB2 [26,27]. The ideal refining mechanisms and 

commercial grain refiner are still developing. Although, good refinement results can be 

obtained by this kind of refinement method, it cannot remove the oxide films 

thoroughly and eliminate the adverse influence of oxide films.  
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Recently, high shear melt conditioning technology (HSMC) developed by BCAST had 

been proved that it can refine all kinds of Mg alloys efficiently by obtaining sufficient 

heterogeneous nuclei particles from the dispersion of existing oxide films, in which high 

shearing rate was employed to break down the oxide films to nano particles [28–30]. 

The semi-coherent interface between MgO and Mg with a misfit of 5.46% was 

confirmed and the nucleation potency of MgO particles was testified by Fan et al. [28], 

Hua et al. [31] and Yun et al. [32]. 

 

In present paper, to study the variation of mechanical properties of AZ91D alloy with 

HPDC processing, HSMC prior to HPDC (MC-HPDC) performance was employed to 

produce the tensile samples for mechanical properties variation investigation. The 

mechanisms of the effect of high shear on solidification in both shot sleeve and die 

cavity were discussed. 

2 Experimental 

A commercial AZ91D Mg alloy (8.6 wt% Al, 0.75 wt% Zn, 0.25 wt% Mn) was 

employed in present study. The AZ91D alloy of 12Kg was melted in a Fe crucible at 

650 ºC under a protective atmosphere of N2 containing 0.5% SF6. The melt conditioning 

treatment was conducted with a rotor-stator high shear unit within the crucible at 650ºC 

under the same protective atmosphere of mixed N2 and SF6 and a controlled speed and 

time [28,31,33]. To obtain the optimised high shearing parameters for HPDC 

application, the shearing time up to 30mins and shearing speed at 1500 rpm were 

employed in present study. TP-1 method was used herein to assess the grain size of 

AZ91D alloy with and without melt conditioning [34]. After shearing, the melt was 
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pouring into shot sleeve for HPDC performance shot by shot. Three round samples with 

diameter of 6.35 mm were obtained for each shot. For comparison, HPDC of AZ91D 

alloy without shearing was obtained with the same parameter of MC-HPDC used.  

 

The tensile test was conducted on the Instron 5500 machine with ramp rate of 1 

mm/min at room temperature. Samples for grain size and microstructure observation 

were cut from the middle section of testing bars, prepared by a standard procedure and 

then etched with mixed solution (50 ml/H2O, 150 ml/ethanol and 1 ml/acetic acid) for 2 

mins. To observe the morphology of oxide film with and without high shearing, a prefil 

pressure filtration cleanliess analyzer (ABB Inc., Germany) was employed to 

concentrate and collect the oxide films and particles. Field-emission scanning electron 

microscopy (FE-SEM, SUPRA 35VP, Carl-Zeiss Company) with an energy dispersive 

X-ray spectroscopy (EDS) was used for microstructure analysis. High-resolution 

transmission electron microscopy (HR-TEM, JEOL 2100F, JEOL Ltd. Tokyo, Japan) 

operating at 200 kV was employed for the particle/matrix interface observation. 

3 Results and Discussion 

Fig 1 shows the effect of shearing time on the grain refinement performance of AZ91D 

alloy. It can be seen that the grain size is decreasing with increasing of shearing time up 

to 25 mins. The grain size of prolonged shearing time of 30mins is kept at the same 

level of that with 25 mins shearing time. It indicates that the best shearing time for 

present experiment is about 30mins. Therefore, the melt conditioning treatment for 

MC-HPDC in present study was conducted with the shearing parameters of 30mins 

shearing time, 1500 rpm shearing speed and the melt temperature of 650 ºC. 



6 

 

 

Fig. 1 Grain refinement assessed by TP-1 method showing the trend of grain size of 

AZ91D alloy with various shearing time. 

 

Fig. 2 Tensile test of HPDC samples showing the distribution of elongation and yield 

strength of AZ91D alloys with and without high shearing application. 

 

Fig. 2 shows the comparison of tensile properties distribution of HPDC AZ91D alloy 

with and without high shearing application. The data in Fig. 2 indicates that the range of 
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yield strength (YS) distribution of AZ91D with traditional HPDC is from 113.8 MPa to 

135.2 MPa, and the elongation (δ) is from 1.1% to 8.0%. With MC-HPDC, the yield 

strength distribution is from 123.3 MPa to 143.5 MPa, the elongation is from 3.7% to 

8.6%. From the comparison, it can be seen that both the yield strength and the 

elongation were enhanced with application of high shearing, and the lowest yield 

strength and elongation are increasing by 9.5MPa and 2.6% respectively. This kind of 

improvement will be meaningful for real products structure design and material 

selection. For the average value of properties, the yield strength increases from 127.1 

MPa to 132.7 MPa, and the elongation is from 4.91% to 5.79%, as shown in Table 1. 

 

Table 1 The average value, standard deviation and coefficient of variation of yield 

strength and elongation of AZ91D alloy with HPDC and MC-HPDC. 

 

Basing on the standard deviation (SD) and average value (AV), the coefficient of 

variation (CV) is calculated according the equation of CV = SD/AV and the results are 

shown in table 1. With MC-HPDC, the variation of yield strength is decreased from 

3.95% to 3.84%, and the elongation is from 31.2% down to 19.7%. Compared to the 

yield strength, the elongation has a significant improvement on coefficient of variation. 

The factors mainly influenced yield strength are the grain size, the size and distribution 

of the second phases and precipitates. For elongation, besides the grain size, the critical 
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factors are the porosity and inclusions. Therefore, the improvement of mechanical 

properties and coefficient of variation indicates that the application of high shear melt 

conditioning will enhance the melt quality and subsequently determine the solidification 

process and microstructure evolution during HPDC performance. 

 

Figure 3 Microstructure of AZ91D HPDC tensile samples showing the coarse primary 

α-Mg grains formed in shot sleeve (a) with and (b) without high shear melt conditioning, 

and (c) the grain size distribution of coarse primary α-Mg formed in shot sleeve with 

and without high shearing. 

 

The micro grain size of AZ91D tensile samples with HPDC and MC-HPDC is shown in 

figure 3. It can be seen from Fig.3a that a number of coarse primary α-Mg grains was 

observed with traditional HPDC process. The size distribution of coarse primary α-Mg 

grains is range from 30 μm to 360 μm and mainly between 45 μm and 110 μm, as 

shown in Fig.3c. After applying high shear, both the size and quantity of primary α-Mg 
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grains were reduced, as shown in Fig. 3b and c. The main size distribution range is 

between 30 μm and 55 μm. The coarse primary α-Mg observed in figure 3 is formed 

during the first solidification inside shot sleeve. In this stage, the solid fraction of melt is 

about 20%, and the feature of solid part would retain at the final products and affect the 

formation of defect band and shrinkage porosity caused by feeding process. Therefore, 

the grain size of primary α-Mg formed in shot sleeve plays an important role on the 

mechanical properties of final product.  

In view of the staying time of AZ91D melt inside shot sleeve less than 3 s, it means that 

only the melt in the outer surface contacted with shot sleeve mould has the opportunity 

to solidify. Therefore, it is very important to reveal the grain size of this area due to the 

characteristic of grains will retain as a part of microstructure of final component and 

affect the mechanical properties. To study the grain size of primary α-Mg during the 

shot sleeve solidification, the AZ91D melt was pouring into shot sleeve as normal 

procedure and then leave it solidified inside shot sleeve without further performance of 

HPDC process. The micro grain size at the bottom of the shot sleeve solidified samples 

of AZ91D without and with high shearing is shown in Fig.4. It indicates that the 

average grain size is about 500 ± 150μm, 200 ± 50μm for samples without and with 

application of high shearing respectively. The refinement results testify that with melt 

conditioning, the nucleation at the first solidification inside shot sleeve was enhanced by 

high shearing. This result is well agreed with the previous report of the effect of high 

shearing on grain refinement of AZ91D and Mg alloy [28,29,31,33,35]. 
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Figure 4 Microstructures showing the grain size of AZ91D ingot solidified inside shot 

sleeve (a) without and (b) with high shearing application. 

 

Figure 5 SEM micrographs showing the microstructure of α-Mg grains solidified inside 

the shot sleeve (1st solidified α-Mg) and inside the die cavity (2nd solidified α-Mg), 

Mg17Al12 eutectic phase and the porosity distribution of the AZ91D alloy (a, c) without 

and (b, d) with high shearing being imposed. 
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Besides the refinement of coarse primary α-Mg grains formed inside shot sleeve (1st 

solidified α-Mg), the primary α-Mg phases formed within the die cavity (2nd solidified 

α-Mg) were also refined by applying high shearing. Figure 5a and 5b show the size and 

morphology of the 1st solidified α-Mg and 2nd solidified α-Mg with HPDC and 

MC-HPDC respectively. The average grain size of the 2nd solidified α-Mg is about 20 ± 

5μm for AZ91D with HPDC. When high shearing is imposed, the size of the 2nd 

solidified α-Mg grains is reduced to 5-10 μm. The refined primary α-Mg grains would 

benefit the feeding capability during solidification, reduce the possibility of shrinkage 

hole formation and improve their distribution, as shown in Fig.5c and 5d. In addition, 

the eutectic phase of Mg17Al12 was refined as well with high shearing, and its average 

size is decreased from 20 μm to 10 μm, as shown in Fig. 5a and 5b. The refinement of 

primary α-Mg and Mg17Al12 phase contributes the improvement of tensile strength and 

elongation, and the decreasing of shrinkage hole benefits the elongation improvement 

and variation reduction. 

As a typical characteristic of HPDC, the formation of defect band occurs during 

solidification within die cavity. A formation mechanism of defect band had been 

proposed by A. K. Dahle and D.H. StJohn [5]. It was considered that the defect band 

was mainly consisted of coarse primary phases, segregation of solution elements and 

porosity. Therefore, the metallurgical quality of defect band with less porosity and 

segregation will have a positive effect on the mechanical properties of materials. 
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Figure 6 SEM micrographs showing the size and morphology of defect band formed in 

the cylinder tensile sample of the HPDC AZ91D alloy (a) without and (b) with high 

shearing being imposed. 

 

The size and morphology of defect band of AZ91D alloy with HPDC and MC-HPDC 

are shown in Fig. 6a and 6b respectively. It can be seen that the outer diameter of defect 

band is reduced from 2.7 mm to 2.0 mm for AZ91D alloy after application of high 

shearing. Correspondingly, the thickness of defect band is decreased from 300 μm to 

200 μm after employing of high shearing technology. The formation of defect band is 

related to the value of solid fraction in melt, at a critical value, the crystals impinge on 

one another and would form a loose network of solid and then resistant to the melt flow. 

The solid fraction is a strong function of the size and shape of crystals, its value could 

vary from 15% for highly branched equiaxed dendrite to 50% for globular crystal [36]. 

In present study, the size of both coarse and fine primary α-Mg grains of the HPDC 

AZ91D alloy is much bigger than that of alloy with MC-HPDC (as shown in Fig.3, Fig. 

5a and 5b). This indicates that the defect band network of HPDC AZ91D alloy forms at 

lower solid fraction and at the earlier solidification stage in die cavity. In view of the 

solidification sequence of HPDC contour paralleled to the surface of the casting, the 
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size of defect band with HPDC should be bigger than that of MC-HPDC, as shown in 

Fig.6a and 6b. 

 

After completion of filling process during HPDC, the extreme high pressure of about 50 

MPa-100 MPa was conducted and the solidification was occurred under such high 

pressure. With the high pressure, the feeding channels would be established from 

sample center to the previous solidification part, and the band would be refilled with 

liquid melt at this period. The liquid fraction in defect band would affect the 

subsequently solidification and determine the segregation and porosity. The higher 

liquid fraction would lead the band to be the last part of solidification than that in 

adjacent regions. Therefore, shrinkage porosity would form in the band without 

adequately liquid compensation. As an improving approach of high shear melt 

conditioning, the fine solid distribution in the band would reduce the formation 

possibility of porosity by forcing the band solidification prior to the adjacent regions. 

 

Figure 7 SEM micrographs showing the morphology of oxides in AZ91D melt (a) 

without and (b) with high shearing melt conditioning. 

 



14 

 

The fundamental mechanism of high shearing on grain refinement is that it can disperse 

the MgO film to MgO particles efficiently by very high shear rate of about 105s-1 [37], 

and the dispersed MgO particles are the potency heterogeneous nuclei for α-Mg grains 

during solidification [31]. During high shear processing, the melt was sucked into 

rotor-stator chamber from the bottom of high shear unit, and forced to enter the shear 

region to suffer the high shear rate and then pass through the drain holes to complete 

one cycle of high shearing. In view of very little amount of oxide film remained in Mg 

melt, it is very difficult to find and observe the oxides directly from the normal 

workpiece. Therefore, pressure filtration method was employed to concentrate the 

impurity in melt to facilitate analysis of its morphology, and then to assess the 

dispersive performance of high shearing. Fig.7a and 7b show the morphology of oxide 

film and MgO particles for the AZ91D alloy without and with high shearing 

respectively. Without shearing, the long and coarse oxide films were found in the melt 

and consisted of agglomeration of fine MgO particles [28,32], the entrapment of such 

kind of film will deteriorate the properties and affect the quality of products. With 

proper high shear melt conditioning, the oxide film was breakdown and dispersed into 

individual particles with maximum size of 500nm, as shown in Fig.7b. To harness the 

MgO particles as the heterogeneous nucleation sites for AZ91D alloy, it is necessary 

that there are an orientation relationship and small misfit between MgO and Mg matrix. 

The orientation relationship (OR) of (1 1 1)[0 -1 1]MgO // (0 0 0 1)[2 -1 -1 0]Mg was 

found (as shown in Fig.8) and, according to the atomic spacing which are 

experimentally measured to be 0.2991 nm for MgO and 0.3165 nm for α-Mg in this work, 

the lattice misfit at the MgO/Mg interface was therefore calculated to be 5.5% along the 

specific OR. This is in well agreement with the previous results reported by Wang et al. 
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[32]. The potency of MgO particles on the grain refinement of pure Mg and AZ91D 

alloy was confirmed both from experimental and theoretical point of view 

[28,29,31,32,35]. According to the Free-growth model, the size of nuclei is inverse 

proportional to the supercooling [11]. Therefore, this kind of well-dispersed nano 

particles could nucleate α-Mg with proper supercooling. HPDC process as a special 

casting method can supply a high speed filling and a solidification with high cooling 

rate of about 500-1000 ºC/s. The large cooling rate could offer enough thermal 

supercooling to enable the nano MgO particles act as active nuclei. 

 

Figure 8 (a) HRTEM image showing the interface between MgO particle and α-Mg 

matrix, (b) and (c) FFT patterns for Mg and MgO respectively. 

 

The application of high shear melt conditioning for HPDC can refine the primary α-Mg 

formed in both shot sleeve and die cavity via enhanced heterogeneous nucleation, and 

result in the refinement of the Mg17Al12 phase, reduction of the porosity and 

minimization of defect band. Therefore, the deterioration of mechanical properties was 
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minimized, and the improvement of properties and the reduction of property variation 

could be achieved. 

 

4. Conclusions 

In summary, the melt conditioning treatment by high shearing can not only enhance the 

tensile strength and elongation simultaneously, but also improve the variation of yield 

strength and elongation of AZ91D alloy prepared by HPDC process. With MC-HPDC, 

the variation of elongation has a significant reduction from 31.2% for tradition HPDC to 

19.7%. Meanwhile, the variation of yield strength has a light improvement from 3.95% 

to 3.84%. SEM observation indicates that the improvement of variation is attributed to 

the grain size reduction of primary α-Mg formed in both shot sleeve and die cavity, the 

enhancement of metallurgical quality of defect band and refinement of Mg17Al12 

eutectic phases caused by the grain refinement. SEM and HR-TEM observations reveal 

further that inoculation by the numerous well-dispersed MgO particles from 

breaking-up of the nature oxide films were the fundamental principle to the effective 

grain refinement and thus to the improvement of the variation.  
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Figure 1 Grain refinement assessed by TP-1 method showing the trend of grain size of 

AZ91D alloy with various shearing time. 

 

Figure 2 Tensile test of HPDC samples showing the distribution of elongation and yield 

strength of AZ91D alloys with and without high shearing application. 

 

Figure 3 Microstructure of AZ91D HPDC tensile samples showing the coarse primary 

α-Mg grains formed in shot sleeve (a) with and (b) without high shear melt conditioning, 

and (c) the grain size distribution of coarse primary α-Mg formed in shot sleeve with 

and without high shearing. 

 

Figure 4 Microstructures showing the grain size of AZ91D ingot solidified inside shot 

sleeve (a) without and (b) with high shearing application. 

 

Figure 5 SEM micrographs showing the microstructure of -Mg grains solidified inside 

the die cavity and the porosity distribution of the AZ91D alloy (a, c) without and (b, d) 

with high shearing being imposed. 

 

Figure 6 SEM micrographs showing the size and morphology of defect band formed in 

the cylinder tensile sample of the HPDC AZ91D alloy (a) without and (b) with high 

shearing being imposed. 

 



23 

 

Figure 7 SEM micrographs showing the morphology of oxides in AZ91D melt (a) 

without and (b) with high shearing melt conditioning. 

 

Figure 8 (a) HRTEM image showing the interface between MgO particle and α-Mg 

matrix, (b) and (c) FFT patterns for Mg and MgO respectively. 

 

Table 1 The average value, standard deviation and coefficient of variation of yield 

strength and elongation of AZ91D alloy with HPDC and MC-HPDC. 

 

 


